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The yellow fever mosquito, Aedes aegypti L., is among the most important insects
as it pertains to public health. It vectors several health-endangering pathogens, including
yellow fever, dengue fever, chikungunya, and Zika viruses. Insecticides are among the
most effective tools used to manage mosquito populations however, their efficacy to
manage mosquito populations is being threatened by insecticide resistance. This ongoing
threat warrants new chemical strategies to reduce or incapacitate a mosquito population
capable of pathogen transmission. Plant essential oils are candidates for identifying novel
management tools for disease-vectoring arthropods. Commercially, essential oils have
been used for pharmaceuticals, flavoring, fragrances, cosmetics, and additives for
arthropod repellents. These compounds have been suggested to have potentially useful
bioactive compounds against insects. This study aimed to identify the volatile
phytochemicals found in the oil of Melaleuca cajuputi and examine the larvicidal and
adulticidal activity, repellent, and deterrent effects, and ovicidal activity of cajeput oil
phytochemicals to pyrethroid-susceptible (Rockefeller or Rock) and -resistant (Puerto
Rico or PR) strain of Ae. aegypti. Cajeput VOCs demonstrated effective larvicide activity
to Rock while PR displayed greater tolerance to VOC treatments. Cajeput oil and
eucalyptol effectively increased cyclic adenosine monophosphate in treated mosquitoes.

Phentolamine reduced toxicity of cajeput VOCs. Results show evidence for octopamine
receptors to be a potential target site for cajeput VOCs. Cajeput oil VOCs displayed
spatial repellency, contact deterrence, and oviposition deterrence against Ae. aegypti. PR
mosquitoes had reduced behavioral responses to cajeput VOCs comparable to Ae. aegypti
orco5 mutants. Cajeput oil was comparable to DEET as a spatial repellent, and it offers
potential to deter pyrethroid-resistant mosquitoes. Further investigations found cajeput
VOCs to have greater efficacy at reducing PR mosquito via ovicidal activity. We
concluded that cajeput VOCs have potential to be effective tools at reducing mosquito
populations as well as providing personal protection from Ae. aegypti.
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CHAPTER 1 : LITERATURE REVIEW

Aedes aegypti Biology and Public Health
Distribution
The yellow fever mosquito (Aedes aegypti) is a tropical to sub-tropical species with
a global presence (Nelson 1986). Its natural range is within 35֯ North and South of the
Equator. However, it is commonly found in northern regions of about 45 degrees during
warm seasons. Altitude is also another limiting factor to Ae. aegypti habitat, as they are not
commonly found 1 km above sea level. Habitat for Aedes mosquitoes differs between life
cycles. Additionally, Ae. aegypti is/are somewhat mobile, which is a contributing factor to
their distribution and management. Adults are able to fly but will not usually travel more
than 50 meters in a lifetime (Nelson 1986). Immature Ae. aegypti larvae are fairly mobile
within their environment but are constrained to stagnant aquatic habitats, thus limiting their
ability to infest new ecosystems. Human interaction with Ae. aegypti has been identified
as the primary cause for this mosquito’s distribution and wide range distribution, as their
eggs are often transported by humans unintentionally, leading to infestations (Nelson
1986).

Development
Aedes aegypti is a holometabolous insects (Nelson 1986). Female Ae. aegypti will
oviposit eggs on damp or moist substrates along flood-prone habitats (Fischer et al. 2011).
Aedes aegypti eggs are approximately 1 mm long and turn from white to a glossy black
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color after oviposition (Nelson 1986, Fischer et al. 2011). This process has been identified
as the melanization of the endochorion (Gustavo et al. 2008, Fischer et al. 2011). This
biological process is crucial for the desiccation resistant characteristic unique to the Aedes
genera (Nelson 1986, Gustavo et al. 2008). Once embryotic development is completed, the
eggs can resist drought-like conditions for months at a time (Nelson 1986, Fischer et al.
2011). This is an important factor in the distribution of Ae. aegypti, as their eggs may be
transported purposefully or accidentally through unfavorable conditions over a long period
of time (Nelson 1986, Fischer et al. 2011). Eggs are stimulated to hatch after a period of
dehydration is followed by a period of prolonged hydration (Nelson 1986, Fischer et al.
2011). This indicates flooding and suggests that the environment can sustain a suitable
habitat for the aquatic immature that will hatch. In addition to distribution, this biological
characteristic is a major obstacle in managing Ae. aegypti mosquitoes.
Although Ae. aegypti immatures are bound to aquatic habitats, they are not limited
to rural environments only. The yellow fever mosquito often occupies human-developed
habitats (Nelson 1986). Human developed habitats meet many of the required conditions
to support Ae. aegypti development. Larval diet consists of biological material, which
collects on substrates below the water’s surface. Aedes aegypti larvae will come to the
water surface to breathe via a siphon located on the anal segment of the abdomen (Nelson
1986). The larvae will then go through four larval instars before pupating (Nelson 1986).
The immature life cycle can take as anywhere between five and 14 days to complete, with
male larvae reaching adulthood before female larvae (Nelson 1986). Most management
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efforts focus on the larval stage due to the species’ habitat constraints and susceptibility
during development (Nelson 1986).
Aedes aegypti pupae are mobile but more buoyant that their larval instars, ensuring
that they spend most of their time at the water surface and thus stimulating adult emergence
(Nelson 1986). It is at this life stage, when metamorphosis is occurring at the water surface,
that oils and water-surface residues are the most useful at managing mosquitoes. Two to
three days after pupation, the adult will eclose out of the thoracic segment of the pupa
casing.
Once adult eclosion is complete, Ae. aegypti adults will spend up to 24 hours resting
on dry surfaces while their wings and exoskeleton finish hardening. Both male and female
mosquitoes will seek nectar sources as an energy supply while also searching for mates
(McDaniel et al. 1979, Nelson 1986). Aedes aegypti will depend on olfactory cues to locate
resources such as food and oviposition habitat throughout their lifespan. This behavior has
been exploited for management, as plants release volatiles that can either attract or repel
mosquitoes (McDaniel et al. 1979, Nelson 1986, Chen et al 2015). The male mosquito will
pursue potential mates, while the female will search for a vertebrate host to obtain a blood
meal (Nelson 1986). The male Ae. aegypti utilize its large feathery antenna to pick up
vibrations produce by female wing movement to locate mates (Göpfert et al. 1999). During
copulation, the male mosquito can supply the female with enough sperm to fertilize
multiple egg clutches. Mating can occur before or during, but seldom after, the female takes
a blood meal (Nelson 1986). A blood meal is required by female Ae. aegypti in order to
produce eggs (Nelson 1986). This is a biological characteristic that differentiates male from
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female mosquitoes. The nutrients provided by the blood meal will provide the female Ae.
aegypti the resources to produce several hundred to a thousand viable eggs (Nelson 1986).

Behavior
Aedes aegypti rely on olfactory cues to locate essential resources, including sugar
sources in the form of nectar; hosts for blood meal; mates; and oviposition sites
(McDaniel et al. 1979, Nelson 1986). As stated previously, both male and female
mosquitoes will use olfactory stimulation from volatile plant compounds to seek out
sources of nectar that provide them with energy needed to mate and reproduce. Gaseous
carbon dioxide, heat, and other volatile odors released by the host are among the primary
cues used in host searching behavior (McMeniman et al. 2014). Volatile cues, which may
be produced by conspecific larvae, predatory insects, or the bacterial decomposition of
organic material, are among the primary factors that influence a female mosquito’s
choice for oviposition (McDaniel et al. 1979, Benzon and Apperson 1988, Benzon et al.
1988, Lampman and Novak 1996). Furthermore, these cues can influence oviposition in
the form of attractants, deterrents, or stimulants (Detheir et al 1960, Bentley et al. 1981).
In some cases, specific compounds have been identified, that have shown to have
oviposition-attractive properties for some mosquito species. Many of these compounds
were identified by studying plant derived compounds (Bentley et al. 1979, Linley 1988).
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Public health concerns
Aedes aegypti females will feed on a variety of warm-blooded vertebrates (Stenn et
al. 2019). However, female Ae. aegypti prefer human hosts for blood meals when they are
available (Stenn et al. 2019). This behavior of Ae. aegypti that makes them a concern to
public health. It vectors a number of health-endangering pathogens including yellow fever,
dengue fever, chikungunya, and Zika viruses (WHO 2021, CDC 2020). There are an
estimated 390 million cases of dengue every year (Bhatt et al. 2013). This makes dengue
fever the most infectious mosquito-borne disease vectored by any mosquito species
worldwide. In 2015, 2.35 million cases of dengue were reported in the Americas alone, of
which 10,200 cases were diagnosed as severe dengue and resulted in 1,181 deaths (WHO
2021, CDC 2016). Annual reports from the Dengue Fever Member States have showed
increases in dengue cases from 2.2 million cases in 2010 to 3.2 million cases in 2015 (WHO
2021). This shows evidence of the increasing global threat of dengue fever.
Yellow fever is closely monitored, with recent outbreaks in France, Brazil, and
Nigeria occurring in late 2017 and Brazil again in early 2018 (WHO 2019). There are 47
countries, most of which include Central and South American and Africa that are either
endemic for or have regions that are endemic for yellow fever (WHO 2019). Yellow fever
models in Africa show ca. 29,000 – 60,000 deaths occurred out of ca. 84,000 – 170,000
severe cases of yellow fever (WHO 2019).
Chikungunya symptoms are not as severe as those produced by dengue and yellow
fever, but it has been identified in over 60 countries worldwide (WHO 2020). In 2016,
there was an estimated 349,936 cases of chikunganya reported to the Pan American Health
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Organization regional office. This number is half of what was reported the previous year
(CDC 2016).
Humans infected with Zika were first identified in 1952. Zika was later recognized
in 2015 where it was found to be associated with Guillain-Barré syndrome and
microcephaly. From 2007 to 2016, WHO documented Zika virus transmission in 62
countries and territories.
There are different management strategies outlined by vector and disease
prevention agencies, such as the World Health Organization (WHO 2021) and Center for
Disease Control and Prevention (CDC 2020). The goal of these management strategies is
to reduce human-mosquito contact and ultimately reduce the transmission of these
diseases. The WHO categorizes management into three broad groups, which include
environmental control, chemical control, and biological control.

Yellow fever mosquito management and challenges
Environmental management
The environmental control of mosquitoes is based on modification or
manipulation of the environment to reduce or prevent mosquito-borne disease
transmission. Environmental modification is the physical transformation of larval
habitats, such as installing piped water supplies to communities and households.
Environmental manipulation involves temporary changes to larval habitat, such as
cleaning rooftop gutters, cleaning and emptying water-storage containers, and managing
tires and containers that may accumulate water after rainfall. These efforts are directed
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towards larval habitats, but when it comes to adult mosquito contact, the efforts are
directed to changes in human habitation or behavior. The installation of mosquito screens
on windows, doors, and other entry points acts as a physical barrier and reduces contact
of mosquitoes within households. The use of mosquito bed nets is another effective
vector-prevention method. Additionally, the development of insecticide-treated bed nets
increases the means to reduce or prevent mosquito-borne disease transmission.

Biological management
The biological control of mosquitoes is focused on the use of an organism(s) to
predate on mosquitoes and, in turn, reduce a mosquito population. For example, fish and
predatory copepods are used to control mosquito larvae and pupae. The fish and
copepods are often bred in captivity and distributed to water-storage containers, wells,
irrigation ditches, industrial tanks, or other stagnant water supplies that may contain
mosquito larvae and pupae. Biological control has been shown to assist in the reduction
of mosquito populations as both an integrated vector management tool and a stand-alone
management strategy. A Vietnamese vector control program used copepods in large
water-storage tanks in combination with larval habitat reduction to successfully eliminate
Ae. aegypti in many communities and prevent dengue transmission for many years (Vu et
al, 2005).

8

Chemical management
The chemical control of mosquitoes is a proven practice to reduce or eliminate
mosquito populations. According to the World Malaria Report (2015), the number of
global malaria cases was reduced by ca. 37% due to the use of synthetic insecticides
(WHO 2015). Larvicides are used to kill mosquito larvae whereas adulticides target the
adult mosquitoes. However, there are application challenges for mosquito larvicides and
adulticides. Larvicides are effective at controlling mosquito larvae in practical aquatic
habitats like open bodies of water, but they lose their effectiveness in reaching larvae
found on leaf axils, tree holes, and urban habitats due to the application process of the
larvicide. Adulticides are effective via the residual spray application of insecticides in
urban and rural areas along with space treatments. Indoor residual spraying (IRS) is the
application of insecticides on the walls and roofs of houses and shelters to kill adult
mosquitoes that may land and rest on these surfaces. Space spraying is only
recommended for controlling mosquitoes in an emergency due to the scale and lack of
site specification of the insecticide spray. The objective of space spraying is to rapidly
kill the adult and larval population.

Insecticide resistance
The management of insecticide resistance in mosquito populations is a major
public health challenge. Insecticide resistance is a heritable change in the sensitivity of a
pest population that is reflected in the repeated failure of a product to achieve the
expected level of control when used according to the label recommendation for that pest
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species (Sparks and Nauen 2015). The pyrethroid insecticides cypermethrin and
deltamethrin were the last chemistries produced in 1976 for chemical control of
mosquitoes (Hemingway et al. 2014). An understanding of insecticide resistance
mechanisms is vital to preserving the efficacy of existing modes of action for mosquito
management.
Pyrethroid insecticides are common-use insecticides for managing mosquitoes,
including Ae. aegypti, due to their effectiveness and minimal risk to human and
environmental health (Smith et al. 2017). The endemic threat associated with Ae. aegypti
has strained mosquito management efficacy through the excessive use of synthetic
insecticides including pyrethroids, which are among the most popular insecticides used to
manage mosquitoes. The continuous use of pyrethroid insecticides for many years can
increase the development of resistance in a mosquito population. The Puerto Rico (PR)
strain of Ae. aegypti has been reported to be resistant to pyrethroid insecticides and is
often used as an example and model for studying insecticide resistance (Flynn et al. 1964,
Fox et al. 1980, Sutherland et al. 1987, Hemingway et al. 1989, Rodríguez et al. 2014).
Pyrethroid insecticides affect the gating kinetics of voltage-dependent sodium
channels and, thereby, disrupt the action potential of the axon (Ranson et al. 2000). In
turn, pyrethroid insecticides cause a repetitive firing of the neuron that leads to paralysis
or mortality of the exposed mosquito. The extensive use of pyrethroid insecticides, or
insecticides with similar modes of action such as DDT, can select for resistant or crossresistant Ae. aegypti populations (Smith et al. 2018).
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There are two pyrethroid-resistant mechanisms identified for Ae. aegypti PR,
including increased metabolic detoxification and reduced target-site insensitivity
(Brengues et al. 2003, Estep et al. 2017, Rault et al. 2019). An increase in metabolic
detoxification can result from the increased transcription and/or duplication of
detoxification genes such as cytochrome P450 monooxygenases, esterases, or glutathione
S-transferases (Berg et al. 1998, Vulule et al. 1999, Rault et al. 2019). A reduction in
target-site insensitivity can result from mutations at the insecticide target protein, such as
voltage-gated sodium channels, which can decrease the binding affinity of the insecticide
to its intended target site (Narahashi 1988, 2000). The reduced efficacy of pyrethroid
insecticides to mosquitoes is often associated with voltage-gated sodium channel targetsite insensitivity or knock down resistance (kdr) (Martinez-Torres et al. 1998, Brooke,
2008).

Plant derived compounds and essential oils
Characteristics
Essentials oils are derived from plants usually through a distillation process. The
essential oils typically extracted from specific plants and tissues contain complex
mixtures of many volatile organic compounds (VOCs). These VOCs are often produced
as secondary metabolites in plants and consist of terpenes, sesquiterpenes, and
oxygenated compounds, such as alcohols, esters, ethers, aldehydes, ketones, lactones,
phenols, and phenol ethers (Chericoni et al. 2004, Astani et al. 2010, Almeida et
al. 2011). Plant essential oils and their constituents have traditionally been used for
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medicinal purposes, food additives, cosmetics, fragrances and, in some cases, insect
repellents. Most essential oil VOCs are relatively nontoxic or express low mammalian
toxicity. Furthermore, many studies have demonstrated a variety of VOCs to possess
properties beneficial for insect management.

Potential tool for insect management
Insecticide resistance threatens the continued use of current chemistries for
mosquito management, and thus, a new chemical strategy is warranted to reduce or
incapacitate a disease-transmitting mosquito population. Traditional synthetic insecticides
usually have a single active ingredient and mode of action. On the other hand, plant
essential oils can have a combination of active ingredients in the form of VOCs that can
elicit their different physiological and biological responses (Jain et al. 2001,
Pavela 2015). Essential oils are widely documented for their potential as insect
management tools. They are often described to have both fugitive and contact toxicity,
attractive or repellent properties, and oviposition and feeding deterrent effects on
mosquitoes (Pavela et al. 2017, Kim et al. 2016, Kiran et al. 2015, Barnard 1999).
Furthermore, essential oils demonstrate synergistic effects to common-use synthetic
chemistries such as pyrethroids (Gross et al. 2017, O’Neal et al. 2019). Gross et al.
(2017) concluded that insecticides topically applied in combination with essential oils
have a greater toxic effect on mosquitoes compared to the insecticide applied alone.
Additionally, O’Neal et al. (2019) determined that mosquitoes exposed to the vapors of
essential oil display increased susceptibility to deltamethrin.
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While many essential oils are well described in their behavioral effects, many of
their active VOCs and modes of action are still unknown. Few studies provide details into
the active individual constituents in an oil mixture, and fewer provide definitive evidence
for a specific mode of action. Some essential oils are reported to affect the regulation of
detoxification activities in insects (Muema et al. 2017, Liu et al. 2017, Kim et al. 2016,
Kiran et al. 2015, Badala et al. 2011). Studies have also shown evidence of development
disruptionwhen developing mosquitoes are exposed to essential oils. These studies
reported essential oils to alter gene expression. However, evidence from current research
suggests that plant essential oils’ active ingredients elicit neurological toxicity. Based on
previous research there are currently three main categories of molecular targets for
essential oil VOCs, including the following: acetylcholinesterase (AChE) enzymes,
ionotropic gamma-amminobutyric acid (GABA) receptors, and metabotropic octopamine
(OA) receptors.
Acetylcholinesterase is responsible for the breakdown of acetylcholine (ACh), a
common neurotransmitter in both invertebrate and vertebrate systems (Gnagey et al.
1987, Bourguet at al. 1997, Marcel et al. 1998). Acetylcholine is released from the
presynaptic nerve and binds to its receptor on the postsynaptic nerve. It then opens ion
channels that allow for an influx of sodium into the post synaptic nerve. This influx of
sodium ions initiates the change in membrane potential that stimulates the cell to produce
a response (Gnagey et al. 1987, Bourguet at al. 1997, Marcel et al. 1998). There is
evidence that essential oil VOCs inhibit AChE ability to break down ACh (Ingkaninan et
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al. 2003). This leads to prolonged excitation of the cell and neurological toxicity
(Ingkaninan et al. 2003).
GABA is the major inhibitory neurotransmitter in the nervous system and the
muscles in both mammals and insects. Many studies report essential oil VOCs to act on
the GABA receptors, primarily the ionotropic receptor group (Priestley et al. 2003).
However, most studies that proved the influence of essential oils on the GABA receptors
were identified using mammalian systems.
Octopamine is a neurotransmitter specific to invertebrates and is closely
correlated with behavioral responses and rhythmic muscle stimulations. Upon stimulation
of the OA receptor, a series of reactions take place that have been shown to increase
intercellular cyclic adenosine monophosphate (cAMP) (Simeone et al. 1996, Huang et al.
2012). Activation of the octopamine receptor may also activate phospholipase C, which
leads to the release of calcium located in the endoplasmic reticulum, increasing
intercellular calcium levels (Simeone et al. 1996, Huang et al. 2012). Several studies have
demonstrated certain essential oils to act on OA receptors in a similar function to that of
OA. VOCs including eugenol, and α-terpineol with cinnamyl alcohol have been shown to
induce a toxic effect via an increase in the cAMP levels while reducing the binding of
OA (Enan et al. 2001).

Melaleuca cajuputi
The genus Melaleuca consists of ca. 300 species of plants in the myrtle family
(Yoon et al. 2003 and Brophy et al. 2013). This genus has been in common use and well-
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studied medicinal purposes. For example, Melaleuca alternifolia is known for its
antimicrobial and anti-inflammatory properties, and it is incorporated as the active
ingredient in many topical formulations used to treat cutaneous infections (Brophy et al.
2013). Other species such as M. leucadendron, M. quinquenervia, and M. cajuputi have
been investigated for their utility in mosquito management (Abu Bakar et al. 2012; Leyva
et al. 2016; Noosidum et al. 2008). Research suggests that species from the genus
Melaleuca may offer potential tools to manage mosquitoes through multiple strategies
including adult toxicity, spatial repellence, and larval development disruption (Amer et al
2006; Abu Bakar et al. 2012; Leyva et al. 2016; Noosidum et al. 2008).
Melaleuca cajuputi, is native to South-Eastern Asia and Australia, where it is
harvested for medicinal purposes (Yoon et al. 2003). The oil of cajeput is classified as
non-toxic and non-sensitizing and has been approved for use by the US Food and Drug
Administration. Recent studies have investigated M. cajuputi mode of action as it pertains
to therapeutic treatments for SARS-CoV-2 infections. This oil and its fractions have been
found to inhibit ACE2 and resist PDB6LU7 protein in SARS-CoV-2 (My et al. 2020).
One investigation showed that volatiles released from M. cajuputi flowers attracted
hymenopteran insects (Doran et al. 1997). Additional studies provide evidence of M.
cajuputi as a potential tool to manage mosquitoes and demonstrates effectiveness of the
essential oil as an aerosol spray against Aedes species (Abu Bakar et al. 2012).
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Overview of research
The overall goal of this dissertation research was to identify the volatile
phytochemicals found in M. cajuputi, examine the toxicological activity of cajeput oil
phytochemistries, determine repellent and deterrent effects of cajeput oil
phytochemistries, and monitor the effects these chemistries have on early Ae. aegypti
development.
The second chapter of this dissertation aimed to identify the volatile
phytochemicals found in M. cajuputi and to determine toxicological activity of pyrethroid
insecticide -susceptible and -resistant Ae. aegypti. First, we evaluated the toxicity of a
cajeput oil blend to the mosquito larvae and adults. Second, we identified 11 chemical
constituents of the cajeput oil blend and evaluated the toxicity of eucalyptol, D-limonene,
and o-cymene to the mosquito larvae and adults. Lastly, we evaluated the effects these
VOCs have on octopamine related processes, including cAMP. Additionally, we tested
the efficacy of cajeput VOCs against phentolamine treated larvae. The data gathered in
this study provide new information on the toxicological activity and potential mode of
action of cajeput oil phytochemistries as a prerequisite to the identification and
implementation of biorational products for the reduction of mosquito populations.
The third chapter of this dissertation explored the effects cajeput VOCs had on
oviposition behavior as a strategy for mosquito management. We evaluated oviposition
deterrence and spatial repellency of cajeput VOCs on pyrethroid -susceptible and resistant Ae. aegypti. The first objective was to determine oviposition deterrence of
cajeput oil phytochemicals in both a choice and no-choice oviposition assay. The second
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objective was to determine spatial repellency using a high throughput method of
evaluating olfactory repellency in mosquitoes. The third objective was to determine
contact deterrence of cajeput oil phytochemicals using a similar method of high
throughput screening of compounds. Additionally, we utilized a mutant strain of Ae.
aegypti (orco5) to narrow down mechanisms of repellency and deterrence. This strain
possesses mutated olfactory receptors making it a useful resource for distinguishing
between repellency via olfactory or gustatory cues.
The fourth chapter of this dissertation investigated developmental fitness of Ae.
aegypti exposed to cajeput oil phytochemicals in early life stages of pyrethroid susceptible and -resistant Ae. aegypti. The first objective determined developmental
fitness and ovicidal activity of Ae. aegypti eggs oviposited in of cajeput oil
phytochemicals. Second, this study investigated the physical effects on egg pigmentation
and size of eggs exposed to cajeput VOCs. Lastly, this study determined cajeput VOC
effects on phenoloxidase activity in larvae.
The fifth chapter of this dissertation summarizes conclusions of each research
chapter and discusses potential future research directions.
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Figure 1.1 Graphical abstract. Research on cajeput oil volatile organic compounds
(VOC): eucalyptol, D-limonene, and o-cymene; to pyrethroid-susceptible Rockefeller
(Rock) strain and -resistant Puerto Rico (PR) strain of Aedes aegypti. Study 1
investigated toxicity of cajeput oil VOCs to Ae. aegypti strains. Study 2 investigated
oviposition deterrence and spatial repellency of cajeput oil VOCs to Ae. aegypti strains.
Study 3 investigated ovicide activity and development disruption of cajeput oil VOCs to
Ae. aegypti strains.
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CHAPTER 2 : PHYTOCHEMICAL TOXICITY OF CAJEPUT OIL TO
PYRETHROID-SUSCEPTIBLE AND -RESISTANT AEDES AEGYPTI L.
1. Introduction
The yellow fever mosquito, Aedes aegypti L., is a major health concern to humans
when left unmanaged. It vectors several health-endangering viruses, including yellow
fever, dengue, chikungunya, and Zika viruses (Kraemer et al. 2015; Centers for Disease
Control and Prevention 2017; Powers et al. 2007; Kyle et al. 2008; Musso et al. 2014;
Muktar et al. 2016). Insecticides are among the most effective tools used to manage
mosquito populations (Ranson et al. 2010 and Manjarres-Suarez et al. 2013). However,
repetitive use of the same insecticide classes promotes resistance, which threatens the use
of synthetic insecticides as management tools (Ranson et al. 2010 and Manjarres-Suarez et
al. 2013). As the efficacy of synthetic insecticide products continue to fail due to targetsite, metabolic, and behavioral resistance. It is important that new approaches are identified
for the sustainable reduction of mosquito populations.
Biorational approaches for reducing mosquito populations are a current focus for
research, as these products are often effective alternatives to synthetic insecticide
strategies. Plant-derived products are attractive candidates for mosquito management as
many are relatively nontoxic to mammalian systems and safe for the environment (Amer
and Mehlhorn 2006; Dusfour et al. 2015; Estep et al. 2017). There are many studies that
demonstrate plant essential oils to have potential for a variety of management systems,
such as adulticides and larvicides, repellents, and insecticide synergists. Although their
acute toxicity is often lower than that of their synthetic counterparts, plant essential oils
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contain an array of chemical compositions that have been identified for their toxicological
properties against Ae. aegypti (Gross et al. 2017; Norris et al. 2018; Belzile, et al. 2000;
Pavela 2008). Additionally, these products are hypothesized to have additional and
unknown modes of action to that of their synthetic counterparts. Previous studies have
suggested essential oil products affect multiple targets, which lead to the enhanced or
reduced efficacy of current modes of action used against Ae. aegypti (Tong and Bloomquist
2013 and O’Neal et al. 2019).
The genus Melaleuca consists of ca. 300 species of plants in the myrtle family
(Yoon et al. 2003 and Brophy et al. 2013). Species such as M. leucadendron, M.
quinquenervia, and M. cajuputi have been investigated for their mosquito control
management (Abu Bakar et al. 2012; Leyva et al. 2016; Noosidum et al. 2008). Research
suggests that Melaleuca species may offer potential tools to manage mosquitoes through
multiple strategies including adult toxicity, spatial repellence, and larval development
disruption (Amer et al 2006; Abu Bakar et al. 2012; Leyva et al. 2016; Noosidum et al.
2008). Melaleuca cajuputi, is native to South-Eastern Asia and Australia, where it is
harvested for medicinal purposes (Yoon et al. 2003). Cajeput oil is classified as non-toxic
and non-sensitizing and has been approved for use by the US Food and Drug
Administration. Previous studies have provided evidence of M. cajuputi as a potential tool
to manage mosquitoes and demonstrated the essential oil’s effectiveness as an aerosol
spray against Aedes species (Abu Bakar et al. 2012).
This study aimed to examine the toxicological activity of cajeput oil
phytochemistries from Melaleuca cajuputi to pyrethroid -susceptible and -resistant Ae.
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aegypti. First, we evaluated the toxicity of a cajeput oil blend to mosquito larvae and
adults. Second, we identified the three major chemical constituents of the cajeput oil
blend and evaluated their toxicity larvae and adults. Third, we evaluated cyclic adenosine
monophosphate (cAMP) activity in cajeput oil VOC-treated mosquitoes. Lastly, we
evaluated the effects of co-applications of phentolamine with cajeput volatile organic
compounds (VOCs) on larval mortality. The result of this study provides new
information on the toxicological activity and potential mode of actions of cajeput oil
phytochemistries as a prerequisite to the identification and implementation of biorational
products for the reduction of mosquito populations.

2. Materials and methods
2.1 Mosquito strains and colony maintenance
Rearing protocol for laboratory mosquitoes has been previously described in
O’Neal et al. (2019). Two strains of Ae. aegypti mosquitoes were used in this study: a
pyrethroid-susceptible laboratory strain, Rockefeller (Rock), established in 1937 (obtained
through BEI Resources, NIAID, NIH: Ae. aegypti ROCKEFELLER, MRA-734), and a
pyrethroid-resistant strain, Puerto Rico (PR), from San Juan, Puerto Rico, and maintained
in the laboratory under selection pressure since 2012 (obtained through BEI Resources,
NIAID, NIH: Ae. aegypti PUERTO RICO, MRA-NR-48830). The eggs from each strain
were reared to adulthood separately. The adult mosquitoes were aspirated after emergence
and age was measured in the number of days post emergence. The mosquitoes were
maintained in environmental chambers at 27°C and 70 - 80% relative humidity with a
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photoperiod of 12:12 hrs (light:dark). The adults were kept in screened cages and provided
with 10% (w/v) sucrose solution. In order to promote oviposition, female mosquitoes were
provided a blood meal of defibrinated calf blood (Colorado Serum Co., Fort Collins, CO)
using an artificial glass mosquito feeder (Chemglass Life Sciences LLC, Vineland, NJ) and
allowed to oviposit on seed germination paper (Anchor Paper Company, Saint Paul, MN).
The eggs were hatched, and larvae were reared in plastic containers partially filled with
deionized water at 27°C. The larvae were fed ground fish food flakes (TetraMin Tropical
Flakes Fish Food, Tetra®, Blacksburg, VA). The pupae were transferred to a 100 mL beaker
containing distilled water and were placed in an adult cage for emergence. For all larval
bioassays, the test subjects consisted of third-instar individuals. The adult bioassays
consisted of non-blood fed, 3 - 5 d old females that were anesthetized on ice prior to
application of topical treatments and transfer to testing cages.

2.2 Chemicals
Acetone, TWEEN 80, eucalyptol, D-limonene, and o-cymene were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO). Cajeput oil (Melaleuca cajuputi) was
obtained from Edens Garden (San Clemente, CA). Phentolamine was obtained from LKT
Labratories, Inc. (St. Paul, MN) and was diluted with acetone to a concentration 10 mM.
For larval toxicity bioassays, cajeput oil and VOCs were diluted in a 0.1% TWEEN 80 and
ddH2O solution (w/v) to obtain the desired test concentrations. In adult toxicity assays,
cajeput oil and VOCs were diluted in acetone (w/v) to obtain the desired test
concentrations.
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2.3 GC-MS of essential oil samples
The VOCs in the cajeput oil sample were analyzed using an Agilent 7890B gas
chromatograph coupled to an Agilent 5977A mass spectrometer (GC-MS). The essential
oil samples were diluted 500-fold in hexane. The VOCs were chromatographically
separated by a 5% phenyl 95% dimethylarylene siloxane Agilent HP-5MS capillary
column (30 m  0.25 mm I.D.). The GC oven temperature was initially set at 45C for 3
minutes, then raised to 250C at 15 C/min, and finally held for 10 minutes. The split ratio
of 2:1 and a constant carrier gas flow (He, 1.2 mL/min) were used. The injector and transfer
line between the GC and MS were held at 230C and 150C, respectively. The data was
analyzed using MassHunter (Agilent version B.07.00). The retention times (RT) of alkane
solutions containing C8 – C20, spiked in the samples, were used to calculate retention
indices (RI) for all the VOCs. Putative identification of the VOCs was based on comparison
of their RI values and mass spectra with the National Institute for Standard and Technology
(NIST) mass spectral library.

2.4 Aedes aegypti toxicity bioassays
The larval toxicity bioassays were conducted for 24 hours using third-instar Rock
and Puerto Rico strain Ae. aegypti larvae exposed to six concentrations of cajeput oil,
eucalyptol, D-limonene, and o-cymene. The appropriate dilutions of each compound were
prepared in a 0.1% TWEEN 80 and ddH2O solution. The compounds were delivered by
adding 200 µL compound solution to 199.3 mL of deionized H2O containing 10 larvae in
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a glass beaker, bringing the total volume to 200 mL. The same procedure was used to treat
larvae with corresponding concentrations of 0.1% TWEEN 80 and ddH2O solution only as
a control. The bioassay was repeated six times for each compound concentration and
control. The treated larvae were maintained in an environmental chamber at 27°C and 70 80% relative humidity with a photoperiod of 12:12 hours (light:dark). The endpoint for
each bioassay was the determination of mortality 24 hours post treatment. The larvae that
were unable to perform active movement upon gentle probing were considered dead.
Abbott's correction (Abbott, 1925) was used to control for larval mortality in the controls,
and if the control mortality exceeded 20%, the data for that bioassay were not used.
The adult toxicity bioassays were conducted for 24 hours using Rock and Puerto
Rico strain Ae. aegypti adults exposed to six doses of cajeput oil, eucalyptol, D-limonene,
and o-cymene. The adults were three- to five-day-old non-blood-fed females. The
appropriate dilutions of each compound were prepared in acetone. The adults were
anesthetized on ice, and a 0.2 µL aliquot of compound solution was delivered to the
pronotum of each adult. Control groups received 0.2 µL of acetone only. The treated adults
were transferred to testing cages which consisted of white double poly-coated paper soup
cups with a mesh to and provided with 10% (w/v) sucrose solution. The treated adults were
maintained in an environmental chamber at 27°C and 70 - 80% relative humidity with a
photoperiod of 12:12 hours (light:dark). The endpoint for each bioassay was mortality. The
adults that were unable to stand were considered dead. Abbott's correction (Abbott, 1925)
was used to control for adult mortality in the controls, and if the control mortality exceeded
20%, the data for that bioassay were not used.
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2.5 Toxicity bioassays with applications of phentolamine
After the completion of toxicity bioassays and the determination of LC50 values,
larval toxicity bioassays with applications of phentolamine were conducted. Phentolamine
is known to be an antagonist of octopamine and to displace octopamine from its receptor
site (Gomez et al. 2002) and, thus, was used to provide insight for the mode of action of
cajeput VOCs. One ml of the 10 mM phentolamine solution was then added to 198.8 mL
of deionized H2O containing 10 larvae in a glass beaker, bringing the total volume to 199.8
mL and concentration of phentolamine to 50 µM. Immediately after phentolamine
applications, cajeput VOCs were delivered by adding 200 µL compound solution at their
respective LC50, to 199.8 mL of deionized H2O containing 10 larvae in a glass beaker,
bringing the total volume to 200 mL. The bioassay was replicated a minimum of six times
for each treatment and control. Controls in this experiment were the VOC only treatments,
while treatments contained phentolamine plus an individual VOC. Treatments were
compared to their corresponding control based on VOC. The treated larvae were
maintained in an environmental chamber at 27°C and 70 - 80% relative humidity with a
photoperiod of 12:12 hours (light:dark). The endpoint for each bioassay was the
determination of mortality 24 hours post-treatment. The larvae that were unable to perform
active movement upon gentle probing were considered as dead. Abbott's correction
(Abbott, 1925) was used to control for larval mortality in the controls, and if the control
mortality exceeded 20%, the data for that bioassay were not used.
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2.6 cAMP assays
Assessment of cajeput VOC effects on cyclic adenosine monophosphate (cAMP)
in adult Rock and PR mosquitoes was determined by collecting adult mosquitoes from
toxicity bioassays. Mosquitoes were treated with reported LD50 values (Figure 2.3) of
cajeput VOC. Mosquitoes were collected four hours post treatment. Living mosquitoes
from bioassays were collected in groups of 10 individuals per 1.5 mL microcentrifuge tube,
and flash frozen in liquid nitrogen. A minimum of seven replicates for each treatment per
experiment were used. Experiments were repeated three times. For cAMP samples, 1 mL
of 100 µM Hydrochloric acid (HCL) was added to each microcentrifuge tube containing
mosquito samples. Samples were then homogenized using a tissue homogenizer.
Homogenized samples were then centrifuged at 3200 rpm for 10 minutes at -4°C.
Approximately 700 µL of supernatant was collected from each sample and stored in a new
microcentrifuge tube. cAMP activity in adult Rock and PR mosquitoes post cajeput VOC
treatments was determined following the protocol outlined in the Cyclic AMP Complete
ELISA Kit (ab133051) from Abcam (Waltham, MA). Protocol for acetylated format were
followed for standards and treatment samples. Total protein in each sample preparation
was determined using the bicinchoninic acid assay with bovine serum albumin as a
standard as described in Smith et al. (1985). Protein measurements were performed at
560 nm. All measurements were conducted using a SpectraMax i3x multimode microplate
reader (Molecular Devices, Inc., Sunnyvale, CA).

2.7 Statistical analysis
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A log-probit analysis was used to estimate the toxic endpoint concentrations and
doses for each compound (SAS 9.4 PROC PROBIT, Cary, NC). A non-linear regression
(variable slope) was used to calculate the IC50 for each compound using GraphPad PrismTM
(GraphPad Software, San Diego, CA). All calculations and statistical analyses for were
carried out using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA). For
phentolamine and cAMP assays, differences in mean values based on mosquito strain and
treatment were statistically compared using a two-way ANOVA followed by Dunnett's
multiple comparison test (Zar 2007). All statistical tests were carried out at a significance
level (α) of 0.05. To determine the percent reduction in mortality from phentolamine
applications, the following equation was used:
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

1

𝑁𝑐 − 𝑁𝑡
⨉100
𝑁𝑐 + 𝑁𝑡

Where Nc is the average number of mosquitoes in the untreated control and Nt is the
individual replicate number of mosquitoes in the treatment.

3. Results
3.1 GC-MS of essential oil samples
Table 2.1 shows a total of 11 compounds representing 100% cajeput oil. The major
constituents of cajeput oil were eucalyptol, D-limonene, and o-cymene at 44.86%, 22.03%,
and 14.51% respectively. These three constituents make up approximately 82.4% of
cajeput oil. The remainder 17.6% of cajeput oil is distributed among eight other
compounds, with g-terpinene composing 8.71% and cyclofenchene composing 4.85%. The
approximate 4.04% of cajeput oil remaining is divided among six other compounds: a-
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terpineol, a-phellandrene, 3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R)-, bpinene, b-myrcene, and (+)-4-Carene.

3.2 Aedes aegypti toxicity bioassays
The results of the larval toxicity bioassays for cajeput oil, eucalyptol, D-limonene,
and o-cymene are shown in the Table 2.2. The toxicity of each compound to the Rock strain
mosquito larvae had the following rank order of effectiveness based on the LC50 and nonoverlapping 95% confidence intervals: D-limonene (most toxic) > eucalyptol = cajeput oil
> o-cymene (least toxic). The toxicity of each compound to the Puerto Rico strain of
mosquito larvae had the following rank order of effectiveness based on the LC50 and nonoverlapping 95% confidence intervals: D-limonene (most toxic) = eucalyptol > cajeput >
o-cymene (least toxic). Cajeput was significantly more toxic to the Rock strain larvae (LC50
= 160.92 (131.45 - 193.53) µg/mL) compared to the Puerto Rico strain larvae (LC50 =
364.82 (310.12 - 427.36) µg/mL). The toxicity of eucalyptol to the Rock strain larvae (LC50
= 149.50 (120.73 - 185.35) µg/mL) was similar to that of the Puerto Rico strain larvae LC50
= 154.33 (122.74 - 193.91) µg/mL). D-limonene was significantly more toxic to the Rock
strain larvae (LC50 = 76.63 (61.77 - 94.28) µg/mL) compared to the Puerto Rico strain
larvae (LC50 = 132.66 (101.07 - 175.45) µg/mL). However, the toxicity of o-cymene to the
Rock strain larvae (LC50 = 379.84 (273.11 - 546.18) µg/mL) was comparable to that of the
PR strain larvae (LC50 = 758.41 (530.27 - 1156.00) µg/mL).
The results of the adult toxicity bioassays for cajeput, eucalyptol, D-limonene, and
o-cymene are shown in the Table 2.3. The toxicity of each compound to the Rock strain
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mosquito adults had the following rank order of effectiveness based on the LD50 and nonoverlapping 95% confidence intervals: D-limonene (most toxic) > eucalyptol > o-cymene
= cajeput (least toxic). While toxicity of cajeput was significantly higher than eucalyptol
to the PR strain mosquito adults, neither the toxicity of cajeput nor that of eucalyptol were
significantly different from D-limonene and o-cymene. The toxicity of cajeput to the Rock
strain adults (LD50 = 48.70 (44.48 - 52.87) µg/mosquito) was comparable to that of the PR
strain adults (LD50 = 53.49 (48.88 - 58.06) µg/mosquito). Eucalyptol was significantly
more toxic to the Rock strain adults (LD50 = 43.51 (38.56 - 48.27) µg/mosquito) compared
to the PR strain adults (LD50 = 66.51 (62.80 - 70.14) µg/mosquito). D-Limonene was
significantly more toxic to the Rock strain adults (LD50 = 31.81 (27.68 - 35.65)
µg/mosquito) compared to the PR strain adults (LD50 = 59.27 (54.27 - 64.22) µg/mosquito).
However, the toxicity of o-cymene to the Rock strain adults (LD50 = 52.50 (48.24 - 56.73)
µg/mosquito) was comparable to that of the PR strain adults (LD50 = 54.80 (49.89 - 59.67)
µg/mosquito).

3.3 Toxicity bioassays with applications of phentolamine
The results of the larval toxicity bioassays with applications of phentolamine for
cajeput oil, eucalyptol, D-limonene, and o-cymene are shown in the Figure 2.1.
Phentolamine applications reduced mortality in Rock larvae treated with cajeput oil VOC
LC50 concentrations determined in larval toxicity assays Table 2.2. Phentolamine reduced
Rock larval toxicity from the following VOCs by the reported percentages with 95%
confidence intervals in parentheses of cajeput oil VOC treatments: cajeput oil by 43.49%
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(31.75– 55.23), eucalyptol by 43.38% (33.05 – 53.70), D-limonene at 41.71% (29.57 –
53.86), and o-cymene at 10.19% (0.82 – 19.55). The reduction in cajeput VOC efficacy
was significant in the following treatments: cajeput oil, eucalyptol, and D-limonene with
reported P values <0.0001 across all comparisons. Phentolamine did not significantly
reduce larval mortality in o-cymene treatments (P = 0.2023).
Phentolamine applications reduced mortality in PR larvae treated with cajeput oil
VOC LC50 concentrations determined in larval toxicity assays Table 2.2. Phentolamine
reduce larval toxicity from the following VOCs by the reported percentages (with 95%
confidence intervals) of cajeput oil VOC treatments: cajeput oil by 56.4% (43.56 – 69.24),
eucalyptol by 56.45% (44.67 – 68.22), D-limonene at 40.38% (25.36 – 55.40), and ocymene at 16.95% (-1.42 – 35.31) percent. The reduction in cajeput VOC efficacy through
phentolamine applications was significant in the following treatments: cajeput oil,
eucalyptol, and D-limonene with reported P values <0.0001 across all comparisons.
Phentolamine did not significantly reduce larval mortality in o-cymene treatments (P =
0.1805).

3.4 cAMP assays
Results of cajeput VOC effects on cAMP are depicted in Figure 2.2. The following
treatments had significantly higher percentages of cAMP per protein when compared to
untreated control adult Rock mosquitoes: cajeput oil (P = 0.0156), D-limonene (P =
0.0004), and o-cymene (P = 0.0111). Adult Rock mosquitoes treated with eucalyptol had
comparable percent of cAMP per protein to the untreated control mosquitoes (P = 0.2027).
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No significant difference between cajeput VOC treatments was detected. The following
treatments had significantly higher percentages of cAMP per protein when compared to
untreated control adult PR mosquitoes: Eucalyptol (P = 0.0283), D-limonene (P = 0.0478),
and o-cymene (P = 0.0351). Adult PR mosquitoes treated with cajeput oil had comparable
percent of cAMP per protein to the untreated control mosquitoes (P = 0.0581). No
significant difference between cajeput VOC treatments was detected.

4. Discussion
The incidence of mosquito-borne disease poses a significant threat to human and
animal health throughout the world, and effective chemical control interventions are
limited by widespread insecticide resistance (Scates et al. 2020). The goals of this study
were to evaluate the larvicide and adulticide activities of cajeput oil phytochemistries to
Ae. aegypti, and to explore the possible modes of action by which these chemicals elicit
toxic responses. This study used standard bioassays to determine toxicity while evaluating
physiological responses to cajeput VOC exposure.
The comparison between the pyrethroid-resistant PR strain and the pyrethroidsusceptible Rock strains provided additional insights into the modes of action for the plantderived compounds as well as indicating their effectiveness in reducing insecticide
resistance selection pressures. The mechanism of resistance for PR includes target site
mutation in the sequence of the voltage-gated sodium channel (Estep et al. 2018) and
increased P450 activity and gene expression (Rault et al. 2019). This study demonstrates
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cajeput oil phytochemistries to have larvicidal and adulticidal activity against pyrethroidsusceptible and -resistant Ae. aegypti.
This study identified the VOCs present in constituents of M. cajuputi. These VOCs
including eucalyptol, D-limonene, and o-cymene at 45%, 22%, and 15% respectively.
Previous studies also studied M. cajuputi and identified the constituents with varying
results. For example, Abu Bakar et al. (2019) and My et al. (2020) have different primary
constituents compared to our analysis. My et al. (2020) showed lower levels of eucalyptol
(32%) compared to our 44% eucalyptol. Additionally, the cajeput oil used by My et al.
(2020) lacked D-limonene and o-cymene altogether. These discrepancies may be a result
of different sample locations, manufacturers, distillation methods, plant strains, cultivation
and even climate; all factors that have been known to influence essential oil composition.
This study evaluated cajeput oil activity as a larvicide and adulticide on two strains
of Ae. aegypti. We found significant differences in larvicide activity between the strains
but comparable toxicity in adult assays. Additionally, phentolamine treatments
significantly reduced mortality from cajeput treatment in larval assays. This study also
observed increases in cAMP.
In addition to determining toxicity of cajeput oil, this study also examined the
toxicity of cajeput oil’s three major VOC fractions. When in their concentrated pure oil
state, essential oils have multiple mechanisms of action to elicit a toxic or biological
response. In order to identify active ingredients and potential mode(s) of action, we tested
the three major compound fractions found in cajeput oil individually in addition to the oil
as a whole. Eucalyptol, also known as 1,8-cineole or cineole, and D-limonene are relatively
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common VOCs for many essential oil constructions, and they are well-documented in the
literature related to insect toxicity and repellency. However, the literature is lacking studies
determining modes of action for these compounds. Particularly there is little known about
o-cymene as it pertains to insect management. Additionally, there are few studies that
determine the effects of these compounds and their potential in pyrethroid-resistant Ae.
aegypti.
Previous studies have evaluated different species of Melaleuca, such as M.
quinquenervia and M. leucadendra, and their potential for mosquito management (Leyva
et al. 2016 and An et al. 2020). However, a study by Abu Bakar et al. (2019) evaluated
larvicide activity and knockdown effects on adults exposed to M. cajuputi. It is important
to note the differences in constituents found in the oil used in study by Abu Bakar et al.
(2019) to the constituents identified in this study. This information makes it difficult to
compare Abu Bakar et al. (2019) findings to this study. However, Abu Bakar et al. (2019)
reports a larvicide LC50 concentration of 120.99 µg/mL (107.67 - 146.24). This is
comparable to our studies results for the Rockefeller strain of Ae. aegypti, which was
reported as 160.93 µg/mL (131.45 - 193.53).
This study determined eucalyptol to be similar in toxicity between Rock and PR
larvae, whereas in adults, eucalyptol displayed higher toxicity to Rock. It is worth noting
that eucalyptol toxicity was comparable to cajeput oil toxicity in both adults and larvae,
with the exception of lower cajeput oil toxicity in PR larvae. A study by Lucia et al. (2013)
showed eucalyptol to have a larvicide LC50 value of 53.63 µg/mL, while others reported
181.33 µg/mL. Our study determined a LC50 of 149.50 and 154.33 in Rock and PR,
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respectively. We suggest these results are comparable to previous works, and discrepancies
in methods between studies as well as different Ae. aegypti strains likely explain the
differences in toxicity. For example, we used TWEEN 80 as the oil solvent in our study,
while Lucia et al. (2013) used acetone. In a study by Sarma et al. (2019), eucalyptol is
reported to have higher toxicity than D-limonene in adults, which differed from our
findings. Again, this is likely due to methodology and genetic variability between mosquito
strains. In this study, we topically applied a fixed amount of solution to individual
mosquitoes while Sarma et al. (2019) used impregnated papers as outlined by the World
Health Organization. Eucalyptol treatments resulted in increased cAMP concentrations
(comparable to cajeput oil) while phentolamine treatments reduced eucalyptol efficacy.
This may be an indication that eucalyptol is targeting octopamine receptors.
Our study observed D-limonene to have significantly higher toxicity to Ae. aegypti
larvae compared to the other cajeput oil VOCs. We also observed a significant difference
in toxicity between strains in both larval and adult assays. A number of studies have
identified LC50 values for D-limonene. These values range from 11.88 ug/mL (Dhinakaran
et al. 2019), to 139.29 ug/mL (Sarma et al. 2019). While exact lethal concentration values
differ, this study has determined D-limonene toxicity to be within range comparable to
previous findings. An interesting discrepancy between our study and others is that we
observed comparable or even higher toxicity from D-limonene in adults while others report
less toxicity compared to VOCs like eucalyptol (Sarma et al. 2019). This is likely due to
differences in delivery and bioassay methods between studies. Additionally, D-limonene
has been demonstrated to cause impaired neurological activity in locusts (Halawa and
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Hustert 2014). However, a study by Kostyukovsky et al. (2002) demonstrated minimal
AChE inhibition with little effect on cAMP activity (Kostyukovsky et al. 2002). Similar to
Kostyukovsky et al. (2002) we did not observe significant changes in AChE activity (data
not shown). Additionally, D-limonene treatments did alter cAMP concentrations in
mosquitoes however, these results were not significant.
O-cymene was significantly less toxic than the other constituents. We also observed
a difference in toxicity between strains in larval assays, but not adult assays. O-cymene is
a somewhat common VOC found in essential oils across multiple genera (Panikar et al.
2021). There is evidence for this compound to have medicinal properties and uses for antifungal and anti-viral activities (My et al 2020; Wahab et al 2020; Galvez et al. 2020; Nie
et al 2020). In this study, we found o-cymene to have the lowest level of larval toxicity to
either strain of Ae. aegypti. Contrary to the other VOCs, the presence of phentolamine did
not affect o-cymene toxicity. Additionally, we observed no significant change in cAMP
concentrations in mosquitoes treated with o-cymene. These results may suggest that ocymene may be acting on a different target or may be non-competitively targeting
octopamine receptors.
We suggest cajeput oil VOCs may be targeting octopamine receptors. We observed
a decrease in mortality from cajeput oil VOC treatments when larvae were treated with
phentolamine. Phentolamine is known to be an antagonist of octopamine and to displace
octopamine from its receptor site (Gomez et al. 2002). This finding may suggest that
phentolamine is competing with cajeput VOCs for octopamine receptors, while having an
antagonistic effect to that of octopamine and possibly the VOCs. Additionally, we observed
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an increase in cAMP concentrations in cajeput oil and eucalyptol. Activation of octopamine
receptors can lead to an increase in cAMP. This increase in cAMP could lead to an increase
in intercellular calcium (Ca2+), and in turn the release of ACh (Simeone et al. 1996, Huang
et al. 2012). The binding of octopamine to octopamine receptors has been shown to activate
coupled G-protein effector pathways, thereby inducing the production of intracellular
second messengers such as cAMP (Roeder 2005). The increase in Ca2+ into the cell could
likely lead to an increase in ACh. This increase of ACh into the postsynaptic cleft could
lead to an impairment of nerve cells as suggested and observed in Halawa el al. (2014).
This study demonstrated cajeput oil and eucalyptol to potentially octopamine receptors.
Cajeput oil and eucalyptol treated mosquitoes displayed both higher cAMP concentrations
and reduced mortality from phentolamine treatments. Additionally, phentolamine
treatments reduced D-limonene toxicity while no significant change in cAMP
concentrations were observed. Phentolamine treatments had little effect on o-cymene
efficacy while no changed in cAMP concentrations were observed. We provided evidence
that cajeput oil and eucalyptol might target octopaminergic synapses while providing little
evidence for D-limonene and o-cymene to act on the same targets, however more research
is required to confirm our hypothesis.
It is essential that vector management programs investigate alternative methods and
tools for managing mosquitoes. The aim of this study was to identify tools that can both
improve current strategies as well as sustain the efficacy of many current strategies and
tools. This study successfully identified plant-derived compounds, which have potential to
improve current vector management programs. Understanding how these compounds
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affect both pyrethroid-susceptible and -resistant mosquitoes provides useful insight in
developing strategies to combat insecticide resistance. With the exception of D-limonene,
cajeput oil and its VOCs seem to lack a distinguishable trend between larvae and adults as
it pertains to toxicity. It is likely that differences in toxicity between strains is due to the
increase of metabolic enzyme activities found in PR. It is also possible that the differences
in toxicity of D-limonene between strains may be a result of more specific mechanisms.
We hypothesize that this discrepancy between larvae and adults is a result of the
alternative delivery methods. It is likely that toxicity of these VOCs varies in respect to
biological and behavioral differences throughout different life stages of the mosquitoes.
Factors such as penetration rate, respiration, and detoxification activity likely influence the
toxicity results of our VOCs in larval and adult assays.
In conclusion, the current results suggest cajeput oil and some of its major VOCs
have potential for larvicides. Due to the high lethal doses used to kill adult mosquitoes, it
is not suggested that cajeput oil and its VOCs be used as adulticides. However, there may
be potential for these VOCs to be used in alternative systems targeting adult mosquitoes,
such as insecticide synergists, spatial repellents, and oviposition deterrents. Additional
studies are needed to determine the potential these VOCs might have on the alternative
systems previously listed. We look to understand the mechanisms of action these VOCs
are targeting and how they are affecting certain developmental pathways.
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Table 2.1 Chemical composition of cajeput oil (Melaleuca cajuputi).
Compound

Alternative Name

Formula

Retention Time

Composition (%)

Eucalyptol

Cineole

C10H18O

7.33

44.86

[440917] limonene [6.614]

D-Limonene

C10H16

7.30

22.03

C10H14

7.23

14.51

O-Cymene
.gamma.-Terpinene

g-terpinene

C10H16

7.60

7.87

Tricyclo[2.2.1.0(2,6)]heptane, 1,3,3-trimethyl-

cyclofenchene

C10H16

5.92

4.85

.alpha.-Terpineol

a-terpineol

C10H18O

9.08

1.41

.alpha.-Phellandrene

a-phellandrene

C10H16

6.91

1.01

C10H18O

8.95

0.67

3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R)Bicyclo[3.1.1]heptane, 6,6-dimethyl-2-methylene-, (1S)-

b-pinene

C10H16

6.53

0.66

.beta.-Myrcene

b-myrcene

C10H16

6.72

0.65

C10H16

7.95

0.63

(+)-4-Carene

The data presented report the individual composition of cajeput oil and are identified by
chemical name and formulation. Data are organized from descending order of highest
composition, as a percentage, found in cajeput oil using GC-MS techniques.
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Table 2.2 Toxicity of cajeput oil volatile organic compounds (VOC) to pyrethroidsusceptible Rockefeller (Rock) and -resistant Puerto Rico (PR) Aedes aegypti larvae.
LC10
95% CI

LC25
95% CI

LC50
95% CI

LC75
95% CI

LC90
95% CI

Slope
± SE

Chi-Square (b)
Pr > Chi-Square

360

36.28
24.41 - 49.13

73.48
55.03 - 92.61

160.92
131.45 - 193.53

352.44
292.41 - 434.26

713.70
566.00 - 953.57

1.98
0.16

155.06
< 0.0001

Cajeput Oil PR

360

126.24
91.38 - 159.45

208.69
166.21 - 249.46

364.82
310.12 - 427.36

637.76
537.97 - 787.44

1054.00
845.74 - 1425

2.78
0.28

99.40
< 0.0001

Eucalyptol Rock

360

39.28
26.78 - 52.30

73.98
56.04 - 92.88

149.50
120.73 - 185.35

302.10
240.07 - 400.76

569.04
425.67 - 839.96

2.21
0.21

108.76
< 0.0001

Eucalyptol PR

360

33.84
22.35 - 46.29

69.44
51.43 - 88.86

154.33
122.74 - 193.91

342.98
268.42 - 461.85

703.75
515.71 - 1062

1.94
0.18

119.33
< 0.0001

D-Limonene Rock

360

18.54
12.76 - 24.81

36.31
27.43 - 45.85

76.63
61.77 - 94.28

161.73
130.39 - 206.80

316.76
244.00 - 438.99

2.08
0.17

151.78
< 0.0001

D-Limonene PR

360

16.10
9.86 - 23.52

43.73
30.85 - 58.65

132.66
101.07 - 175.45

402.45
294.57 - 589.96

1093.00
726.87 - 1865.00

1.40
0.12

139.60
< 0.0001

O-Cymene Rock

360

24.46
13.53 - 38.41

89.68
60.01 - 126.41

379.84
273.11 - 546.18

1609.00
1051.00 - 2789.00

5899.00
3319.00 - 12901.00

1.08
0.10

124.83
< 0.0001

O-Cymene PR

360

47.05
26.40 - 73.04

175.58
118.93 - 248.45

758.41
530.27 - 1156.00

3276.00
2009.00 - 6331.00

12224.00
6326.00 - 30814.00

1.06
0.40

109.60
< 0.0001

VOC

N

Cajeput Oil Rock

The toxicity data are presented as LC10, LC25, LC50, LC75, and LC90 and their 95%
confidence intervals (95% CI) in micrograms per milliliter (µg/ml), the lethal concentration
at which 10, 25, 50, 75, and 90% of the tested larvae were killed, respectively, in a 24-h
bioassay. Log-probit analysis was used to estimate the endpoint concentrations for each
chemical. Pearson’s chi-square and the probability of chi-square. The probability of > 0.05
indicates that the observed regression model is not significantly different from the expected
model (i.e., a significant fit between the endpoint concentration for each chemical).

55

Table 2.3 Toxicity of cajeput oil volatile organic compounds (VOC) to pyrethroidsusceptible Rockefeller (Rock) and -resistant Puerto Rico (PR) Aedes aegypti adults.
LD10
95% CI

LD25
95% CI

LD50
95% CI

LD75
95% CI

LD90
95% CI

Slope
± SE

Chi-Square (b)
Pr > Chi-Square

360

26.40
22.08 - 30.17

35.28
30.98 - 39.08

48.70
44.48 - 52.87

67.23
61.87 - 73.83

89.86
81.10 - 102.39

4.82
0.42

121.51
< 0.0001

Cajeput Oil PR

360

28.23
23.48 - 32.37

38.21
33.49 - 42.36

53.49
48.88 - 58.06

74.88
68.84 - 82.49

101.35
91.07 - 116.39

4.62
0.41

128.25
< 0.0001

Eucalyptol Rock

360

18.92
14.47 - 22.92

28.07
23.22 - 32.33

43.51
38.56 - 48.27

67.43
60.85 - 75.82

100.03
87.58 - 119.25

3.54
0.34

111.03
< 0.0001

Eucalyptol PR

360

47.14
42.33 - 51.05

55.49
51.26 - 59.06

66.51
62.80 - 70.14

79.72
75.50 - 84.87

93.85
87.84 - 102.22

8.57
0.80

115.69
< 0.0001

D-Limonene Rock

360

15.20
11.54 - 18.51

21.57
17.57 - 25.10

31.81
27.68 - 35.65

46.92
42.22 - 52.29

66.57
59.26 - 76.91

3.99
0.38

110.20
< 0.0001

D-Limonene PR

360

30.99
25.53 - 35.65

42.14
36.82 - 46.70

59.27
54.27 - 64.22

83.36
76.58 - 92.27

113.31
101.21 - 131.87

4.55
0.43

111.01
< 0.0001

O-Cymene Rock

360

29.45
24.94 - 33.35

38.73
34.33 - 42.60

52.50
48.24 - 56.73

71.17
65.75 - 77.90

93.59
84.81 - 106.15

5.10
0.44

132.66
< 0.0001

O-Cymene PR

360

27.52
22.45 - 31.91

38.14
33.07 - 42.55

54.80
49.89 - 59.67

78.75
72.05 - 87.45

109.12
97.08 - 127.44

4.28
0.40

116.70
< 0.0001

VOC

N

Cajeput Oil Rock

The toxicity data are presented as LD10, LD25, LD50, LD75, and LD90 and their 95%
confidence intervals (95% CI) in nanograms per mosquito (µg/mosquito), the lethal dose
at which 10, 25, 50, 75, and 90% of the tested adults were killed, respectively, in a 24-h
bioassay. Log-probit analysis was used to estimate the endpoint doses for each chemical.
Pearson’s chi-square and the probability of chi-square. The probability of > 0.05 indicates
that the observed regression model is not significantly different from the expected model
(i.e., a significant fit between the endpoint dose for each chemical).
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Figure 2.1 Phentolamine application changes toxicity of cajeput oil volatile organic
compounds (VOC) to A. pyrethroid-susceptible Rockefeller (Rock) and B. -resistant
Puerto Rico (PR) Aedes aegypti larvae. Mortality data represents the percent of dead larvae
24 hours post cajeput VOC treatment and their standard deviation of the mean values LC50
determined in previous toxicity data. Each replicate consisted of 10 larvae (N ≥ 8)
Phentolamine, at a concentration of 50 µM, was co-applied to LC50 treatments in equal
replicates to LC50 only replicates. Asterisks indicate significance in means of VOC plus
Phentolamine treatments relative to the cajeput VOC treatments only according to a twoway ANOVA and Dunnett’s multiple comparisons where P > 0.05 indicates significance.
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Figure 2.2 cAMP activity in A. pyrethroid-susceptible Rockefeller (Rock) and B. -resistant
Puerto Rico (PR) Aedes aegypti adults treated with cajeput oil volatile organic compounds
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(VOC). Data represents the concentration of cAMP that was available in each biological
sample of 10 adults (N ≥ 7)4 hours post cajeput VOC treatment and their standard error of
the mean of the mean. Asterisks indicate significant differences in means between VOC
treatments compared to their respective control group according to a two-way ANOVA
and Dunnett’s multiple comparisons where P > 0.05 indicates significance.
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Figure 2.3 Phentolamine interactions with octopaminergic synapses.
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CHAPTER 3 : REPELLENCY AND OVIPOSITION DETERRENCE OF
CAJEPUT OIL PHYTOCHEMICALS TO PYRETHROID-SUSCEPTIBLE AND RESISTANT AEDES AEGYPTI L.
1. Introduction
The yellow fever mosquito, Ae. aegypti L., is a major concern to human health. It
vectors several health endangering diseases and viruses, including yellow fever, dengue,
chikungunya, and Zika viruses. In addition to the many life-threatening diseases vectored
by this mosquito, Ae. aegypti is a global pest found on every continent accept Antarctica
(Center for Disease Control and Prevention 2017). Ae. aegypti is well adapted for living
among its primary host, humans, which is significant regarding their potential for disease
transmission.
In addition to the previous legitimate concerns we now face the struggle of
managing insecticide-resistant mosquito populations. This has become a major public
health challenge as more populations of mosquitoes develop resistance to many of our
important insecticides. The pyrethroid insecticides, cypermethrin and deltamethrin, were
the last chemistries produced in 1976 for chemical control of mosquitoes, and they are
among the primary insecticides currently used (Hemingway et al. 2014). The long term and
widespread use of these insecticides has selected for heritable changes in the sensitivity of
these chemistries, and it is reflected in the repeated failure to achieve the expected level of
control. An understanding of insecticide-resistance mechanisms is vital to preserving the
efficacy of these current chemistries.
To address insecticide resistance in insect pest populations, novel approaches are
warranted. Plant essential oils have shown promising evidence as alternatives for many
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current chemical control approaches. Essential oils and their constituents demonstrate both
larvicidal and adulticidal properties, as well as synergistic effects on synthetic insecticides
such as pyrethroids (Belzile et al. 2000; Pavela 2008; Gross et al. 2017; Norris et al. 2018;
O’Neal et al. 2019). Additionally, essential oils are well documented as insect repellents.
Personal protection strategies, such as repellents, are among the most effective methods to
prevent mosquitoes-borne disease. Although synthetic repellents are effective at deterring
target insects, they often have negative effects on the user, which deter their regular use.
Repellents such as, N,N-diethyl-m-toluamide (DEET) or ethyl 3-acetyl(butyl)amino
(IR3535) propanoate, are reported to cause skin irritation and other discomforts that make
them less than desirable for the user (Tavares et al. 2018). Current studies show oils to be
effective alternatives for these synthetic repellents and are often used in repellent mixtures
alongside synthetic repellents (Nerio et al. 2010, Maia and Moore 2011, Hsu et al. 2013,
Diaz 2016, Misni et al. 2016, Castillo et al. 2017).
In addition to repellents, essential oils may have activity as oviposition deterrents.
Female mosquitoes rely on volatile cues, primarily the volatiles produced by conspecific
larvae, predatory insects, or the bacterial decomposition of organic material when
determining oviposition sites (Bentley et al. 1979, Benzon and Apperson 1988, Benzon et
al. 1988, Lampman and Novak 1996). These cues can influence oviposition by attracting,
deterring, or stimulating oviposition (Detheir et al. 1960, Bentley et al. 1981). In some
cases, specific plant-derived compounds have displayed oviposition attractive properties
for some mosquito species. Many of these compounds were identified from studying plantderived compounds (Bentley et al. 1979, Linley 1988). Essential oils have been shown to
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provide high levels of oviposition deterrence (Elango et al. 2009, Coria et al. 2008,
Prajapati et al. 2005, Xue et al. 2001).
This study aimed to examine the behavioral responses of pyrethroid-susceptible
and -resistant Ae. aegypti exposed to cajeput oil phytochemistries from M. cajuputi. First,
we evaluated the oviposition behavior of pyrethroid-susceptible and -resistant gravid
female exposed to oviposition sites treated with cajeput oil phytochemistries. Second, we
evaluated the spatial repellency using a high throughput method for evaluating olfactory
responses to volatile chemicals. Lastly, we evaluated the contact deterrence using a
similar high throughput method for evaluating gustatory or contact responses to
deterrents and repellents chemicals. This information is important for the identification
and practical application of plant-derived volatile compounds, and it provides insight for
alternative strategies for incorporating phytochemicals into mosquito management
programs.

2. Materials and methods
2. 1 Mosquito strains and rearing
Rearing protocol for laboratory mosquitoes has been previously described in
O’Neal et al. (2019). Three strains of Ae. aegypti mosquitoes were used in this study,
including a pyrethroid-susceptible laboratory strain, Rockefeller (Rock), established in
1937 (obtained through BEI Resources, NIAID, NIH: Ae. aegypti ROCKEFELLER,
MRA-734), a pyrethroid-resistant strain, Puerto Rico (PR), from San Juan, Puerto Rico,
and maintained in the laboratory under selection pressure since 2012 (obtained through
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BEI Resources, NIAID, NIH: Ae. aegypti PUERTO RICO, MRA-NR-48830) and an orco5
mutant strain ORCO (obtained through BEI Resources, NIAID, NIH: Ae. aegypti ORCO,
MRA-NR-44377). The eggs from each strain were reared to adulthood separately. The
adult mosquitoes were aspirated after emergence and age was measured in the number of
days post-emergence. The mosquitoes were maintained in environmental chambers at 27
°C and 70 - 80% relative humidity with a photoperiod of 12:12 hours (light:dark). The
adults were kept in screened cages and provided with 10% (w/v) sucrose solution. In order
to produce eggs, female mosquitoes were provided a blood meal of defibrinated calf blood
(Colorado Serum Co., Fort Collins, CO) through an artificial glass mosquito feeder
(Chemglass Life Sciences LLC, Vineland, NJ) and were allowed to oviposit on seed
germination paper (Anchor Paper Company, Saint Paul, MN). The eggs were hatched, and
larvae were reared in plastic containers partially filled with deionized water at 27°C. The
larvae were fed ground fish food flakes (TetraMin Tropical Flakes Fish Food, Tetra®,
Blacksburg, VA). Pupae were transferred to a 100 mL beaker containing distilled water
and were placed in an adult cage for emergence. For all larval bioassays, the test subjects
consisted of third-instar individuals. The adult bioassays consisted of non-blood fed, threeto five-day-old females that were anesthetized on ice prior to application of topical
treatments and transferred to testing cages.

2.2 Chemicals
Acetone, TWEEN 80, eucalyptol, D-limonene, o-cymene and DEET were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Cajeput oil (M. cajuputi)
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was obtained from Edens Garden (San Clemente, CA,). All treatments including cajeput
oil, D-limonene, eucalyptol, and o-cymene were diluted in a 0.1% TWEEN 80 and ddH2O
solution (w/v) to obtain the desired test concentrations.

2.3 GC-MS of essential oil samples
As described in Chapter 2, the volatile organic compounds (VOCs) in the cajeput
oil sample were analyzed using an Agilent 7890B gas chromatograph coupled to an Agilent
5977A mass spectrometer (GC-MS). The essential oil samples were diluted 500-fold in
hexane. The VOCs were chromatographically separated by a 5% phenyl 95%
dimethylarylene siloxane Agilent HP-5MS capillary column (30 m  0.25 mm I.D.). The
GC oven temperature was initially set at 45C for three minutes, then raised to 250C at
15C/min, and finally held for 10 min. The split ratio of 2:1 and a constant carrier gas flow
(He, 1.2 mL/min) were used. The injector and transfer line between the GC and MS were
held at 230C and 150C, respectively. The data was analyzed using MassHunter (Agilent
version B.07.00). The retention times (RT) of alkane solutions containing C8 – C20, spiked
in the samples, were used to calculate retention indices (RI) for all the VOCs. Putative
identification of the VOCs was based on comparison of their RI values and mass spectra
with the National Institute for Standard and Technology (NIST) mass spectral library.
Experiments were repeated three times.

2.4 Oviposition deterrent assays
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A minimum of six replications of 10 gravid female Ae. aegypti (five- to seven-daysold) were tested for all treatments. Female mosquitoes were fed on calf blood (as described
in the rearing protocol above) and allowed to sit undisturbed for 24 hours before being
transferred to oviposition chambers. Oviposition sources consisted of 200 mL of one of the
following treatments: cajeput oil, eucalyptol, D-limonene, and o-cymene. Treatments were
tested at a single concentration, which was determined based on the LD50 results of that
compound in the larval toxicity assays (Figure 2.2). The control treatments used were water
and 0.1% TWEEN 80. Egg paper was shaped into a cone and a portion as submerged in
the treatment solution contained in a 200 mL beaker. Paper and treatment solutions were
replaced daily over the course of the experiment, which was carried out for seven days after
the initial blood meal. Oviposition papers were removed, and eggs were counted each day.
This study determined oviposition deterrence using both a no-choice and choice
oviposition assay. In the no-choice assay, oviposition deterrence was determined by
evaluating the total number of eggs oviposited by gravid females in treatments against the
control groups. In the choice assay, oviposition preference was determined by evaluating
the total number of eggs oviposited by gravid females in either of the two oviposition sites
available. Experiments were repeated three times.

2.6 Spatial repellent assays
Spatial repellency was determined by placing mosquitoes in glass cylinders
(diameter 2.5 cm, length 12.5 cm; TriKinetics Inc., Waltham,MA, USA) having both ends
covered with screen mesh and conical caps holding odor sources, as described in Jiang et

67
al. 2019. Treatments were diluted with a 0.1% TWEEN 80 water solution. A 50 μL aliquot
of each treatment solution was applied evenly to a filter paper (5 cm2) and allowed to dry
for 10 min under ambient room conditions (22±1 ∘C, 50%–70% RH). Sixteen female Ae.
aegypti (3–5 days old) adults were anesthetized on ice and placed inside the glass tube.
Then they were allowed to recover for at least 15 minutes before exposure to treatments.
DEET was used as a positive control at a concentration of 10mg/cm2. This concentration
as determined based on preliminary studies and 95% efficacy. Cajeput VOCs were tested
at multiple concentrations in preliminary studies and observed to cause knockdown and
mortality at concentrations exceeding 25mg/cm2. For this reason, cajeput VOCs were
tested at the same concentration as DEET (10mg/cm2). This also allowed us to standardize
our comparison between different treatments. Experiments were repeated three times.

2.7 Contact deterrent assays
Contact deterrence was determined by mosquitoes placed in glass cylinders
(diameter 2.5 cm, length 12.5 cm; TriKinetics Inc., Waltham,MA, USA) that had both ends
covered with screen mesh, similar to the description above and in Jaing et al. 2019.
However, conical caps that held odor sources were not used. Instead, germination paper
(length 12 cm, width 4 cm) was evenly treated with a 500 uL aliquot of each treatment
solution. Treatments were diluted with a 0.1% TWEEN 80-water solution and allowed to
dry for 10 min under ambient room conditions (22±1 ∘C, 50%–70% RH). Sixteen female
Ae. aegypti (3–5 days old) adults were anesthetized on ice and placed inside the glass tube.
Then they were allowed to recover for at 15 minutes before exposing them to treatments.
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An aspirator was applied to one side of the cylinder to pull the mosquitoes to one end and
then slide treated papers inside the glass cylinder, with the treated side facing outward.
Similar to the spatial repellency assays, DEET and cajeput VOCs were at the same
concentration (10mg/cm2)). Experiments were repeated three times.

2.8 Statistical analysis
All calculations and statistical analyses were carried out using GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, CA). For oviposition assays (choice and no-choice),
differences in mean values based on mosquito strain and treatment were statistically
compared using a two-way ANOVA followed by Dunnett's multiple comparison test (Zar
2007). For spatial repellency and contact deterrence assays, differences in mean values
based on mosquito strain and treatment were statistically compared using a two-way
ANOVA followed by Dunnett's multiple comparison test with repeated measures. All
statistical tests were carried out at a significance level (α) of 0.05.
Percent repellency and deterrence were determined using a modification of the
formula by Liu et al. (1999):
1

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑝𝑒𝑙𝑙𝑒𝑛𝑐𝑦 =

𝑁𝑐 − 𝑁𝑡
⨉100
𝑁𝑐 + 𝑁𝑡

Where Nc is the average proportion of mosquitoes in the untreated control on the treated
side of the cylinder and Nt is the replicate proportion of mosquitoes in the treatment on
the treated side of the cylinder. The proportion of mosquitoes on the treated side of the
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cylinder assay and resting on the treated paper was determined using the following
equation:
1

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑖𝑑𝑒
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟

3. Results
3.1 GC-MS of essential oil samples
Table 2.1 shows a total of 11 compounds representing 100% cajeput oil. The major
constituents of cajeput oil were eucalyptol, D-limonene, and o-cymene at 44.86%, 22.03%,
and 14.51% respectively. These three constituents make up approximately 82.4% of
cajeput oil. The remainder 17.6% of cajeput oil is distributed among eight other
compounds, with g-terpinene composing 8.71% and cyclofenchene composing 4.85%. The
approximate 4.04% of cajeput oil remaining is divided among six other compounds: aterpineol, a-phellandrene, 3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R)-, bpinene, b-myrcene, and (+)-4-Carene.

3.2 Oviposition Deterrence
Results of the choice oviposition experiment on gravid Rock mosquitoes are found
in Figure 3.1A. Female Rock mosquito preference for untreated oviposition sites was
significant in all cajeput oil VOCs with a P value of <0.0001. Oviposition deterrence
provided by each VOC had the following rank order of most effective to least effective
based on percent oviposition deterrence: o-cymene provided 83.33% (75.40 – 91.26),
cajeput oil provided 75.18% (66.48 – 83.87), eucalyptol 74.35% (45.02 – 74.29), and D-
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limonene 59.66% (45.02 – 74.28) percent oviposition deterrence. However, oviposition
deterrence was statistically comparable between o-cymene, cajeput oil, and eucalyptol.
While o-cymene provided significantly more oviposition deterrence against Rock females
compared to D-limonene (P = 0.008), D-limonene treatments were statistically comparable
to cajeput oil and eucalyptol.
Results of the choice oviposition experiment on gravid PR mosquitoes are found in
Figure 3.1B. Female PR mosquito preference for untreated oviposition sites was significant
in all cajeput oil VOCs with a P value of <0.0001. Oviposition deterrence provided by each
VOC had the following rank order of most effective to least effective based on percent
oviposition deterrence: cajeput oil provided 85.77% (74.72 – 96.81), o-cymene provided
84.99% (75.87 – 94.11), eucalyptol 74.63% (66.87 – 82.39), and D-limonene 34.64% (6.44
– 62.85) percent oviposition deterrence. However, oviposition deterrence was statistically
comparable between cajeput oil, o-cymene, and eucalyptol. D-limonene provided
significantly less oviposition deterrence compared to cajeput oil (P = 0.006), o-cymene (P
= 0.007), and eucalyptol (P = 0.0107).
Results of the no-choice oviposition experiment on gravid Rock mosquitoes are
found in Figure 3.2. Female Rock mosquitoes were observed to have significantly reduced
oviposition comparable across all cajeput oil VOC treatments with P values <0.0001. In
Rock oviposition assays, deterrence provided by each VOC had the following rank order
of most effective to least effective based on percent oviposition deterrence: o-cymene
38.23% (34.02 – 42.45), eucalyptol 30.04% (22.97 – 37.10), D-limonene 23.75% (18.39 –
29.11), and cajeput oil 23.45% (18.56 – 28.34) oviposition deterrence.
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Female PR mosquitoes were observed to have no reduction in oviposition from any
of the cajeput oil VOC treatments with P values > 0.05. There was no significant difference
between mosquito strains in the control treatments based on P values > 0.05. In PR
oviposition assays, deterrence provided by each VOC had the following rank order of most
effective to least effective based on percent oviposition deterrence: o-cymene 4.65% (-3.20
– 12.51), cajeput oil 1.35% (-8.24 – 10.95), eucalyptol -1.88% (-8.42 – 4.66), and Dlimonene -4.79% (-7.75 – -1.82) percent oviposition deterrence. Furthermore, differences
in treatments between strains was observed with PR females laying significantly more eggs
than Rock with P values <0.0001 across all treatment comparisons.

3.3 Spatial Repellency
Results of the spatial repellency experiment on Rock mosquitoes are found in
Figure 3.3A. DEET provided the following percent repellency at the observed timepoints:
84.62% (66.93 – 102.30) at 15 minutes, 94.87% (81.69 – 108.01) at 30 minutes, and
79.49% (62.81 – 96.16) at 60 minutes. Cajeput oil provided the following percent
repellency at the observed timepoints: 61.71% (49.48 – 73.94) at 15 minutes, 71.97%
(46.84 – 97.10) at 30 minutes, and 61.71% (49.48 – 73.94) at 60 minutes. Eucalyptol
provided the following percent repellency at the observed timepoints: 25.91% (10.94 –
40.88) at 15 minutes, 24.87% (17.49 – 32.25) at 30 minutes, and 18.49% (8.55 – 28.44) at
60 minutes. D-limonene provided the following percent repellency at the observed
timepoints: 12.55% (2.19 – 22.91) at 15 minutes, 18.49% (8.55 – 28.44) at 30 minutes, and
16.22% (8.013 – 24.43) at 60 minutes. O-cymene provided the following percent

72
repellency at the observed timepoints: 18.13% (4.09 – 32.17) at 15 minutes, 20.33% (12.95
– 27.71) at 30 minutes, and 16.65% (5.06 – 28.24) at 60 minutes. DEET provided the
greatest level of percent repellency at all time points tested. However, there was no
statistical difference between DEET and cajeput at 60 minutes (P = 0.1282). Cajeput oil
provided the second greatest level of percent repellency at all time points. Eucalyptol, Dlimonene, and o-cymene had comparable percent repellency at all time points.
Results of the spatial repellency experiment on PR mosquitoes are found in figure
3.3B. DEET provided the following percent repellency at the observed timepoints: 25.97%
(8.21 – 43.72) at 15 minutes, 28.91% (9.49 – 48.32) at 30 minutes, and 71.54% (43.02 –
100.06) at 60 minutes. Cajeput oil provided the following percent repellency at the
observed timepoints: 30.12% (17.38 – 42.86) at 15 minutes, 50.63% (27.74 – 73.53) at 30
minutes, and 49.99% (28.68 – 71.30) at 60 minutes. Eucalyptol provided the following
percent repellency at the observed timepoints: 8.94% (-2.08 – 19.96) at 15 minutes, 13.09%
(0.63 – 25.54) at 30 minutes, and 13.09% (0.63 – 25.54) at 60 minutes. D-limonene
provided the following percent repellency at the observed timepoints: 2.67% (-2.57 – 7.91)
at 15 minutes, 2.67% (-2.57 – 7.91) at 30 minutes, and 2.67% (-2.57 – 7.91) at 60 minutes.
O-cymene provided the following percent repellency at the observed timepoints: 6.91%
(0.19– 13.63) at 15 minutes, 9.21% (-1.53 – 19.96) at 30 minutes, and 2.67% (-2.57 – 7.91)
at 60 minutes. Cajeput oil had the highest levels of percent repellency at 15 and 30 minutes
but was statistically comparable to DEET at 15 minutes (P = 0.9867), 30 minutes (P =
0.0728). DEET displayed the greatest percent repellency at 60 minutes and again, was
comparable to cajeput oil (P = 0.0766). of percent repellency at all time points tested.
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DEET displayed comparable repellency to eucalyptol (P = 0.2432 and P = 0.3133) and ocymene (P = 0.1505 and P = 0.1276) at 15 and 30 minutes respectively. DEET provided
greater repellency than D-limonene at all time points (P = 0.0452 at 15 minutes, P = 0.0171
at 30 minutes, and P = <0.0001 at 60 minutes). Eucalyptol, D-limonene, and o-cymene had
comparable percent repellency at all time points.
Results of the spatial repellency experiment on ORCO mosquitoes are found in
Figure 3.3C. DEET provided the following percent repellency at the observed timepoints:
14.38% (4.80 – 23.97) at 15 minutes, 17.6 (-9.99 – 45.19) at 30 minutes, and 12.55% (2.19
– 22.91) at 60 minutes. Cajeput oil provided the following percent repellency at the
observed timepoints: 39.23% (2.7975.66 – 75.66) at 15 minutes, 38.61% (3.44 – 73.78) at
30 minutes, and 25.07% (10.03 – 40.10) at 60 minutes. Eucalyptol provided the following
percent repellency at the observed timepoints: 11.01% (-0.12 – 22.12) at 15 minutes, 9.73%
(-2.62 – 22.08) at 30 minutes, and 5.05% (-0.27 – 10.36) at 60 minutes. D-limonene
provided the following percent repellency at the observed timepoints: 11.77% (-3.55 –
27.09) at 15 minutes, 16.18% (-2.63 – 34.99) at 30 minutes, and 9.49% (-3.47 – 22.45) at
60 minutes. O-cymene provided the following percent repellency at the observed
timepoints: 13.29% (-0.19 – 26.77) at 15 minutes, 18.05% (5.24 – 30.86) at 30 minutes,
and 12.85% (2.29 – 23.41) at 60 minutes. Cajeput oil displayed greater percent repellency
than eucalyptol at 30 minutes. All other treatment combinations displayed no significant
differences in percent repellency with P values greater than 0.05.
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3.4 Contact Deterrence
Results of the contact deterrence experiment on Rock mosquitoes are found in
figure 3.4A. DEET provided the following percent deterrence at the observed timepoints:
71.98 (58.52– 85.45) at 15 minutes and 100 (100.00 – 100.00) at 30 minutes and 60
minutes. Cajeput oil provided the following percent deterrence at the observed timepoints:
52.18 (42.00 – 62.35) at 15 minutes, 47.95 (38.08 – 57.83) at 30 minutes, and 46.02 (35.34
– 56.71) at 60 minutes. Eucalyptol provided the following percent deterrence at the
observed timepoints: 42.08 (32.70 – 51.46) at 15 minutes, 30.56 (17.43 – 43.69) at 30
minutes, and 25.54 (16.20 – 34.87) at 60 minutes. D-limonene provided the following
deterrence repellency at the observed timepoints: 44.37 (31.42– 57.31) at 15 minutes, 36.56
(28.15 – 44.96) at 30 minutes, and 32.97 (27.26– 38.67) at 60 minutes. O-cymene provided
the following percent deterrence at the observed timepoints: 44.37 (31.41 – 57.31) at 15
minutes, 26.77 (9.66 – 43.88) at 30 minutes, and 31.53 (23.47 – 39.59) at 60 minutes.
DEET provided the greatest level of percent deterrence compared to all other treatments at
all time points. Cajeput provided a higher of percent deterrence than eucalyptol at 30 (P =
0.0274) and 60 (P = 0.0057) minutes, and o-cymene at 30 minutes (P = 0.0039). Eucalyptol,
D-limonene, and o-cymene had comparable percent deterrence at all time points.
Results of the contact deterrence experiment on PR mosquitoes are found in Figure
3.4B. DEET provided the following percent deterrence at the observed timepoints: 36.28%
(27.86 – 39.88) at 15 minutes, 69.07% (55.80 – 82.34) at 30 minutes, and 100% (100.00 –
100.00) at 60 minutes. Cajeput oil provided the following percent deterrence at the
observed timepoints: 39.88% (31.23 – 48.54) at 15 minutes, 37.94% (30.77– 45.12) at 30
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minutes, and 43.48% (36.79 – 50.17) at 60 minutes. Eucalyptol provided the following
percent deterrence at the observed timepoints: 31.32% (23.18 – 39.33) at 15 minutes,
38.22% (28.08 – 48.36) at 30 minutes, and 34.63% (25.51 – 43.74) at 60 minutes. Dlimonene provided the following deterrence repellency at the observed timepoints: 30.32%
(16.67 – 43.97) at 15 minutes, 34.05% (16.77 – 51.33) at 30 minutes, and 33.19% (22.11
– 44.28) at 60 minutes. O-cymene provided the following percent deterrence at the
observed timepoints: 45.41% (39.11 – 51.72) at 15 minutes, 42.32% (29.43 – 55.22) at 30
minutes, and 39.88% (31.23 – 48.54) at 60 minutes. DEET provided the greatest level of
percent deterrence at 30 and 60 minutes with a P value <0.0001 for all comparisons.
However, there was no statistical difference between any treatments at 15 minutes. All
cajeput oil VOC treatments were statistically comparable at all time points.
Results of the contact deterrence experiment on ORCO mosquitoes are found in
Figure 3.4C. DEET provided the following percent deterrence at the observed timepoints:
56.36% (45.43 – 67.30) at 15 minutes, 72.37% (64.35 – 80.40) at 30 minutes, and 100%
(100.00 – 100.00) at 60 minutes. Cajeput oil provided the following percent deterrence at
the observed timepoints: 48.07% (34.99 – 61.15) at 15 minutes, 47.72% (37.81 – 57.62)
at 30 minutes, and 46.06% (33.39 – 58.72) at 60 minutes. Eucalyptol provided the
following percent deterrence at the observed timepoints: 26.5% (19.25 – 33.75) at 15
minutes, 14.57% (5.09 – 24.04) at 30 minutes, and 18.36% (8.95 – 27.77) at 60 minutes.
D-limonene provided the following deterrence repellency at the observed timepoints:
26.5% (19.25 – 33.75) at 15 minutes, 32.91% (24.67 – 41.15) at 30 minutes, and 27.59%
(12.13 – 43.05) at 60 minutes. O-cymene provided the following percent deterrence at the
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observed timepoints: 23.59% (16.43 – 30.74) at 15 minutes, 18.76% (6.07 – 31.46) at 30
minutes, and 12.66% (-0.26 – 25.58) at 60 minutes. Both DEET and cajeput oil percent
deterrence were comparable at 15 minutes (P = 0.5869), and both were more effective at
deterring mosquitoes than the other treatments at 15 minutes. Cajeput provided
significantly greater deterrence than eucalyptol (P = <0.0001) and o-cymene (P =
<0.0001) at 30 minutes; and eucalyptol (P = <0.0001), D-limonene (P = 0.0138), and ocymene (P = <0.0001) at 60 minutes. At 15 and 60 minutes, eucalyptol, D-limonene, and
o-cymene had comparable deterrent effects.

4. Discussion
The incidence of mosquito-borne disease poses a significant threat to human and
animal health throughout the world, with effective chemical control interventions limited
by widespread insecticide resistance (Scates et al. 2020). The goal of this study was to
evaluate the potential of cajeput oil phytochemistries affecting Ae. aegypti behavior. This
study used high throughput screening methods to determine spatial repellency and contact
deterrence from cajeput VOCs. Additionally, this study investigated cajeput VOC effects
on Ae. aegypti oviposition.
The comparison between the pyrethroid-resistant PR strain and the pyrethroidsusceptible Rock strain provided further insight into the modes of action for the plantderived compounds, as well as effectiveness as additional tools to reduce insecticideresistance pressures. The most significant mechanisms of pyrethroid resistance identified
in PR include target site mutation in the sequence of the voltage-gated sodium channel
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(Estep et al. 2018) and increased P450 activity via increased gene expression (Rault et al.
2019). Recent studies have identified an insensitivity to common synthetic repellents
including DEET (Yang et al. 2020). This information reveals the threats of cross-resistance,
as well as the need for alternative products to reduce selection pressers for resistance
mechanisms. This study evaluated the same chemistries on an orco5 mutant strain Ae.
aegypti. The orco5 mutant has been shown to have severely impaired olfactory responses
in both host selection and spatial repellency from DEET (DeGennaro et al. 2013 and
Dennis et al. 2019). Exploring this mutant strain can provide additional insights on how
these chemistries may be affecting behavioral responses in other mosquitos.
Studies demonstrating the effects of essential oils on mosquito oviposition provide
compelling evidence of these plant-derived products to be effective oviposition deterrents.
Warikoo et al. (2011) demonstrated a variety of oils, including peppermint, basil, rosemary,
citronella, and celery seed oil, to possess high levels of oviposition deterrence at relatively
low concentrations. Other studies have identified plant-derived compounds isolates to have
attractive properties for oviposition. For example, 4-methylphenol was determined by GCMS and laboratory oviposition bioassays to be the main oviposition stimulant for Aedes
triseriatus in water containing decaying paper birch wood (Betula papyrifera) (Bentley et
al. 1979).
Essential oils are well documented to have repellent properties, and often the oil
mixture or VOC found in certain oils is used in commercial repellent mixtures (Prohilt et
al. 2011). Essential oils, such as litsea, have been demonstrated to provide repellency
comparable to DEET via olfactory stimulation in Ae. aegypti (Uniyal et al. 2016).
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Traditionally, plant-derived crude oils were used as active repellents against biting insects
by individuals located in remote or developing countries (Maia and Moore, 2011). Plantderived essential oils have been viewed as safe, cheap, and effective. Thus, they are earning
research interest as potential tools to manage mosquitoes.
As discussed in Chapter 2, this research successfully identified the major
constituents of M. cajuputi. These VOCs include eucalyptol, D-limonene, and o-cymene
at 45, 22, and 15%, respectively.
This study successfully evaluated cajeput oil effectiveness as oviposition
deterrents. Data and behavioral observations were collected from two different oviposition
assays: choice and no choice oviposition assay. In choice assays, females preferred
untreated oviposition sites over treated sites to a significant degree, as hypothesized. Ocymene was observed to reduce an average of 83% egg oviposition in Rock females. Dlimonene provided the least oviposition deterrence. This trend can be observed in both
Rock mosquitoes, where D-limonene was significantly less effective at deterring
oviposition than o-cymene. PR mosquitoes, in which D-limonene was statistically less
effective than all other treatments, only provided about 35% oviposition deterrence. While
all cajeput VOCs significantly deterred oviposition in both mosquito strains, the data
suggests that cajeput oil and o-cymene have an insignificant but slightly higher efficacy
for deterring oviposition in our choice assays. Further evaluation of oviposition, by means
of a no-choice assay, provided us insights into the mechanisms of deterrence from cajeput
VOCs. In this study, we found that cajeput oil VOCs significantly reduced the total number
of eggs laid by female Rock mosquitoes in no-choice oviposition assays. Similar to what
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was observed in choice oviposition assays, o-cymene provided the highest levels of
deterrence. While comparable to eucalyptol efficacy, o-cymene treatments deterred
significantly more Rock females from ovipositing. Interestingly, cajeput oil VOCs
essentially had no deterrent effect on PR in the no-choice assays. Previous works have
demonstrated eucalyptol to have high oviposition deterrence (Klocke et al. 1987).
To further evaluate the effects cajeput oil chemistries have on Ae. aegypti, this study
evaluated the spatial repellency of these compounds on three Ae. aegypti strains: Rock, PR,
and ORCO. When assessing the Rock strain, we found that cajeput oil was competitive in
terms of spatial repellency to that of DEET. While cajeput oil’s constituents were much
less effective at spatial repellence than DEET and the oil mixture, they did elicit some
behavioral response to repel Rock mosquitoes. In PR mosquitoes we observed a similar
trend where the cajeput oil mixture provided spatial repellency comparable to that of DEET
However, all treatments had some degree of reduced efficacy in PR compared to Rock. For
example, both DEET and cajeput oil provided the greatest level of repellency at 15 minutes
compared to the other treatments, but significantly fewer mosquitoes were deterred than
what was observed in Rock at the same timepoint and in PR at later timepoints. These
results were consistent with previous studies, which determined spatial repellents had
reduced efficacy to PR mosquitoes compared to a pyrethroid-susceptible strain. (Yang et
al. 2020). When we consider the results of spatial repellency of cajeput VOCs on ORCO,
we see a consistent response throughout the entire 60-minute assay. As hypothesized, we
observed a reduced sensitivity to DEET as a spatial repellent compared to Rock and PR.
However, PR data from early timepoints possessed comparable effects of spatial repellents
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in ORCO. The orco5 mutation in Ae. aegypti results in a lack of expression of odorant coreceptors needed for signal transmission to the central nervous system (Larsson et al. 2004
and. DeGennaro et al. 2013). We also observed cajeput oil to elicit the greatest behavioral
response compared to the other compounds. However, these values were not statistically
significant. The ORCO strain had little response when exposed to volatile compounds.
DEET, eucalyptol, D-limonene, and o-cymene had no significant effect on ORCO
distribution within the cylinder.
The final experiment evaluated contact deterrence of cajeput VOCs on Ae. aegypti.
We found that DEET provided high levels of contact deterrence in Rock mosquitoes, while
different cajeput VOCs provided 40 to 52 percent deterrence within the first 15 minutes.
All cajeput oil VOC treatments had a trend of decreasing efficacy as time increased. DEET
had significantly reduced efficacy on PR mosquitoes in contact-deterrent assays compared
to Rock at 15 and 30 minutes. Additionally, certain cajeput VOCs provided 30 to 43 percent
deterrence to PR mosquitoes. Although not statistically significant, PR had an overall trend
of unsensitivity to the cajeput VOCs. In ORCO mosquitoes, DEET was significantly more
efficacious compared to PR mosquitoes and comparable to Rock mosquitoes in 15 minutes.
In contact-deterrent assays compared to Rock at 30 minutes, DEET deterrent efficacy was
comparable between ORCO and PR, while significantly greater compared to Rock. At 60
minutes DEET provided 100 percent contact deterrence in all three Ae. aegypti strains.
Cajeput VOCs had a similar trend of deterrence on ORCO as Rock and PR, with cajeput
oil having an overall greater deterrent effect than the other VOCs, which were all
comparable in their efficacy.
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This study demonstrated PR to have a level of tolerance or resistance to these
volatile spatial repellents and contact deterrents tested. This level of unsensitivity was often
comparable to the ORCO strain. This observation was consistent with previous studies
where PR mosquitoes were observed to have a behavioral tolerance to repellent
compounds, including DEET compared to pyrethroid-susceptible mosquitoes (Yang et al.
2020). Additionally, a study by Silva et al. (2017) found behavioral differences between
pyrethroid-resistant and -susceptible larvae treated with D-limonene. This study concluded
that resistance mechanisms likely influence behavior in Ae. aegypti (Silva et al. 2017).
Previous studies report eucalyptol’s repellent effects on mosquitoes in different
bioassays (Tabanca et al. 2013). In a study by Tabanca et al. (2013), eucalyptol
demonstrated about 50% protection from mosquito in an arm and cage assay. These
conclusions are more consistent to what we observed for eucalyptol in both the oviposition
and contact deterrent assays using Rock. Our results showed eucalyptol was effective at
deterring approximately 72% in choice oviposition assays, 30 percent in no-choice
oviposition assays, and 42% in contact assay.
Cajeput appeared to have the greatest spatial repellency effect on both strains of Ae.
aegypti, where its constituents were significantly less effective. A possible explanation for
the increased efficacy in cajeput compared to its constituents is an unidentified synergistic
relationship between multiple constituents. Essential oil constituents, such as D-limonene
and eucalyptol, have been known to both synergize and antagonize with other VOCs
(Dhinakaran et al. 2019 and Andrade-Ochoa 2018). However, in oviposition and contact
deterrence assays, cajeput oil had comparable efficacy to its constituents. These results
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may suggest the cajeput oil mixture has a greater influence on oviposition site choice via
olfactory cues, while the oviposition of eggs may be determined by gustatory or tactile cues
(Afify and Galizia 2015). This is supported by our findings in the no choice oviposition
assay, where PR mosquitoes had higher oviposition numbers compared to Rock in cajeput
VOC treatments. The combination of reduced olfactory responses in PR and higher
tolerance to contact deterrence may explain the lack of oviposition deterrence in no-choice
assays. Rock mosquitoes expressed greater repellent and deterrent behavioral effects in
response to cajeput VOC treatments, which may describe the significant reduction in total
eggs oviposited in treatments.
In conclusion, this study demonstrated cajeput oil effectiveness as spatial repellents,
contact deterrents, and oviposition deterrents against Ae. aegypti. Cajeput VOCs were
determined have potential as oviposition deterrents; however, they have reduced efficacy
against pyrethroid-resistant Ae. aegypti. PR mosquitoes had reduced behavioral responses
to cajeput VOCs comparable to Ae. aegypti orco5 mutants. Cajeput oil was comparable
to DEET as a spatial repellent, and it offers potential to deter pyrethroid-resistant
mosquitoes. Furthermore, cajeput oil had greater spatial repellency compared to its
constituents, suggesting an unidentified synergistic relationship with multiple cajeput
constituents. Further experimentation is needed to confirm whether cajeput VOCs have
synergistic effects. Based on this study, we suggest cajeput oil may be a competitive
alternative for mosquito repellent products.
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Figure 3.1 Oviposition preference of A. pyrethroid-susceptible Rockefeller (Rock) and B.
pyrethroid-resistant Puerto Rico (PR) Aedes aegypti to cajeput oil volatile organic
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compounds (VOC) treated sites. Egg oviposition is reported as the average number of eggs
oviposited in both non-treated and -treated oviposition sites 7d post blood meal and
standard error bars in micrograms per milliliter (µg/ml). Replicates received 10 gravid
females (N = 6). For the Rock strain, the VOC concentrations are: 161 µg/mL cajeput oil
(CAJ), 149 µg/ml eucalyptol (EUC), 77 µg/ml d-limonene (D-LIM), 379 µg/ml o-cymene
(O-CYM). For the PR strain, the VOC concentrations are: 364 µg/ml CAJ, 154 µg/mL
EUC, 132 µg/ml D-LIM, 758 µg/ml O-CYM. Asterisks indicate significant differences in
the mean values of VOC treatments relative to the untreated control using a two-way
ANOVA and Dunnett’s multiple comparisons where P > 0.05 indicates significance.
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Figure 3.2 No-choice oviposition of gravid, female pyrethroid-susceptible Rockefeller
(Rock) and pyrethroid-resistant Puerto Rico (PR) Aedes aegypti to cajeput oil volatile
organic compounds (VOC) treated oviposition sites. Egg oviposition is reported as the
average number of eggs oviposited in treated oviposition sites 7 d post blood meal and
standard error bars in micrograms per milliliter (µg/ml). Replicates received 10 gravid
females (N = 18). For the Rock strain, the VOC concentrations are: 161 µg/mL cajeput oil
(CAJ), 149 µg/ml eucalyptol (EUC), 77 µg/ml d-limonene (D-LIM), 379 µg/ml o-cymene
(O-CYM). For the PR strain, the VOC concentrations are: 364 µg/ml CAJ, 154 µg/mL
EUC, 132 µg/ml D-LIM, 758 µg/ml O-CYM. Asterisks indicate significant differences in
the mean values of VOC treatments relative to the untreated control using a two-way
ANOVA and Dunnett’s multiple comparisons where P < 0.05 indicates significance.
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Table 3.1 Spatial repellency of cajeput oil volatile organic compounds (VOC) to female
adult pyrethroid-susceptible Rockefeller (Rock), pyrethroid-resistant Puerto Rico (PR),
and orco5 mutant (ORCO) Aedes aegypti.
15
% Repellency
95% CI

Time (minutes)
30
% Repellency
95% CI

60
% Repellency
95% CI

VOC

N

Cajeput Oil Rock

18

61.71
49.48 - 73.94

71.97
46.84 - 97.09

61.71
49.48 - 73.94

Cajeput Oil PR

18

30.12
17.38 - 42.86

50.63
27.74 - 73.53

49.99
28.68 - 71.30

Cajeput Oil ORCO

18

39.23
2.79 - 75.66

38.61
3.44 - 73.78

25.07
10.03 - 40.10

Eucalyptol Rock

18

25.91
10.94 - 40.88

24.87
17.49 - 32.25

18.49
8.55 - 28.44

Eucalyptol PR

18

8.94
-2.08 - 19.96

13.09
0.63 - 25.54

13.09
0.63 - 25.54

Eucalyptol ORCO

18

11.01
-0.12 - 22.14

9.73
-2.62 - 22.08

5.05
-0.27 - 10.36

D-Limonene Rock

18

12.55
2.19 - 22.91

18.49
8.55 - 28.44

16.22
8.01 - 24.43

D-Limonene PR

18

2.67
-2.57 - 7.91

2.67
-2.57 - 7.91

2.67
-2.57 - 7.91

D-Limonene ORCO

18

11.77
-3.55 - 27.09

16.18
-2.63 - 35.00

9.49
-3.47 - 22.45

O-Cymene Rock

18

18.13
4.09 - 32.17

20.33
12.95 - 27.71

16.65
5.06 - 28.24

O-Cymene PR

18

6.91
0.19 - 13.63

9.21
-1.53 - 19.96

2.67
-2.57 - 7.91

O-Cymene ORCO

18

13.29
-0.19 - 26.77

18.05
5.24 - 30.86

12.85
2.29 - 23.41

DEET Rock

18

84.62
66.93 - 102.30

94.87
81.96 - 108.05

79.49
62.81 - 96.16

DEET PR

18

25.97
8.21 - 43.72

28.91
9.49 - 48.32

71.54
43.02 - 100.06

DEET ORCO

18

14.38
4.80 - 23.97

17.6
-10.00 - 45.19

12.55
2.19 - 22.91
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Repellency data are reported as the mean percentage of mosquitoes repelled by the
treatment at 15, 30, and 60 minutes post treatment and their 95% confidence intervals (95%
CI). Each treatment was tested at concentration of 10 mg/cm2.
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Table 3.2 Contact deterrence of cajeput oil volatile organic compounds (VOC) to female
adult pyrethroid-susceptible Rockefeller (Rock), pyrethroid-resistant Puerto Rico (PR),
and orco5 mutant (ORCO) Aedes aegypti.
15
% Repellency
95% CI

Time (minutes)
30
% Repellency
95% CI

60
% Repellency
95% CI

VOC

N

Cajeput Oil Rock

18

52.18
42.00 - 62.35

47.95
38.08 - 57.83

46.02
35.34 - 56.71

Cajeput Oil PR

18

39.88
31.23 - 48.54

37.94
30.76 - 45.12

43.48
36.79 - 50.17

Cajeput Oil ORCO

18

48.07
34.99 - 61.15

47.71
37.81 - 57.62

46.06
33.39 - 58.72

Eucalyptol Rock

18

42.08
32.70 - 51.45

30.56
17.43 - 43.69

25.54
16.20 - 34.87

Eucalyptol PR

18

31.25
23.18 - 39.33

38.22
28.08 - 48.36

34.63
25.51 - 43.74

Eucalyptol ORCO

18

26.5
19.25 - 33.75

14.57
5.09 - 24.04

18.36
8.95 - 27.77

D-Limonene Rock

18

44.37
31.42 - 57.31

36.55
28.15 - 44.96

32.97
27.26 - 38.67

D-Limonene PR

18

30.32
16.67 - 43.97

34.05
16.77 - 51.33

33.19
22.10 - 44.28

D-Limonene ORCO

18

26.5
19.25 - 33.75

32.91
24.67 - 41.15

27.59
12.13 - 43.05

O-Cymene Rock

18

44.37
31.42 - 57.31

26.77
9.65 - 43.88

31.53
23.47 - 39.59

O-Cymene PR

18

45.42
39.11 - 51.72

42.32
29.42 - 55.22

39.88
31.23 - 48.54

O-Cymene ORCO

18

23.59
16.43 - 30.74

18.76
6.07 - 31.46

12.66
-0.26 -25.58

DEET Rock

18

71.98
58.52 - 85.45

100
100.00 - 100.00

100
100.00 - 100.00

DEET PR

18

36.28
27.86 - 44.71

69.07
55.80 - 82.34

100
100.00 - 100.00

DEET ORCO

18

56.36
45.43 - 67.30

72.37
64.35 - 80.39

100
100.00 - 100.00
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Contact deterrent data are reported as the mean percentage of mosquitoes deterred from
resting on the treated paper by the treatment at 15, 30, and 60 minutes post treatment and
their 95% confidence intervals (95% CI). Each treatment was tested at concentration of 10
mg/cm2.
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CHAPTER 4 : VOLATILE PHYTOCHEMICALS ARREST DEVELOPMENT
AND REDUCE FITNESS IN PYRETHROID-SUSCEPTIBLE AND -RESISTANT
AEDES AEGYPTI L.
1. Introduction
The yellow fever mosquito, Ae. aegypti L., is among the most important insects
pertaining to public health. It vectors a number of health-endangering pathogens, including
yellow fever, dengue fever, chikungunya, and Zika viruses (Kraemer et al. 2015; Centers
for Disease Control and Prevention 2017; Powers et al. 2007; Kyle et al. 2008; Musso et
al. 2014; Muktar et al. 2016). The global distribution of Ae. aegypti adds to its significance
as a threat to public health (Ranson et al. 2010 and Manjarres-Suarez et al. 2013).
Additionally, insecticide resistant mosquito populations continue to challenge the efficacy
of current strategies (Ranson et al. 2010 and Manjarres-Suarez et al. 2013). Insecticides are
among the most effective tools used to manage mosquito populations (Ranson et al. 2010
and Manjarres-Suarez et al. 2013). However, repetitive use of the same insecticide classes
promotes resistance, which threatens the effective use of synthetic insecticides as
management tools (Ranson et al. 2010 and Manjarres-Suarez et al. 2013). These ongoing
threats warrant new chemical strategies to reduce or incapacitate a disease-transmitting
mosquito population. Plant essential oils are candidates for identifying novel management
tools for disease-vectoring arthropods.
Essential oils are natural volatile substances derived from a variety of plants.
Commercially, essential oils have been used for pharmaceuticals, flavoring, fragrances,
cosmetics, and additives for arthropod repellents. These compounds have been suggested
to have potentially useful bioactive compounds against insects. Studies have shown
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evidence of insect growth regulation, fecundity suppression, male sterility, larvicidal,
ovicidal, and oviposition deterrence. Additionally, many of the plant-derived essential oils
and their volatile constituents, or volatile organic compounds (VOCs), have been reported
to have low mammalian toxicity and rapid degradation in the environment (Amer and
Mehlhorn 2006; Dusfour et al. 2015; Estep et al. 2017). Furthermore, studies have shown
VOCs to alter the efficacy of common-use insecticides, such as pyrethroids, suggesting
their application as insecticide-synergists (Norris et al. 2018 and O’Neal et al. 2019).
There are limited studies that demonstrate the use of EOs and VOCs to decrease
mosquito populations by interfering with developmental pathways; however, it is
suggested that these compounds have potential in this area of research (Muema et al. 2016
and Muema et al. 2017).There are few published studies on cajeput oil, derived from
Melaleuca cajuputi, as it pertains to managing disease-vectoring Arthropods.
In this study we examined the potential interference of mosquito egg development and
fitness of Ae. aegypti using cajeput VOCs.
Studies have shown the potential for plant-derived compounds to act on insect
developmental pathways (Muema et al. 2016 and Muema et al. 2017). Some current
mosquito management strategies target oviposition sites, larval habitat, and use biological
agents to reduce mosquito numbers (Fischer et al. 2011; Manjarres-Suarez et al. 2013;
Bowatte et al. 2013). However, targeting mosquito eggs using essential oils and VOCs as
ovicides or development inhibitors is an area that requires more tools and knowledge.
This study investigated larvicide activity on two strains of Ae. aegypti: Rockefeller
(Rock), a pyrethroid-susceptible strain, and Puerto Rico (PR), a pyrethroid-resistant
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strain. Studying the responses on these two strains will provide a greater understanding of
how these chemistries may be used in insecticide resistance management strategies.

2. Materials and methods
2.1 Mosquito strains and rearing
Rearing protocol for laboratory mosquitoes has been previously published in
O’Neal et al. Two strains of Ae. aegypti mosquitoes were used in this study; a pyrethroidsusceptible laboratory strain, Rockefeller (Rock), established in 1937 (obtained through
BEI Resources, NIAID, NIH: Ae. aegypti ROCKEFELLER, MRA-734), and a pyrethroidresistant strain, Puerto Rico (PR), from San Juan, Puerto Rico. PR mosquitoes have been
maintained in the laboratory under selection pressure since 2012 (obtained through BEI
Resources, NIAID, NIH: Ae. aegypti PUERTO RICO, MRA-NR-48830). The eggs from
each strain were reared to adulthood separately. The adult mosquitoes were aspirated after
emergence and age was measured in the number of days post-emergence. The mosquitoes
were maintained in environmental chambers at 27°C and 70 - 80% relative humidity with
a photoperiod of 12:12 hours (light:dark). The adults were kept in screened cages and
provided with 10% (w/v) sucrose solution. To produce eggs, female mosquitoes were
provided a blood meal of defibrinated calf blood (Colorado Serum Co., Fort Collins, CO)
through an artificial glass mosquito feeder (Chemglass Life Sciences LLC, Vineland, NJ),
and they were allowed to oviposit on seed germination paper (Anchor Paper Company,
Saint Paul, MN). The eggs were hatched, and larvae were reared in plastic containers
partially filled with deionized water at 27°C. The larvae were fed ground fish food flakes
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(TetraMin Tropical Flakes Fish Food, Tetra®, Blacksburg, VA). Pupae were transferred to
a 100 mL beaker containing distilled water and were placed in an adult cage for emergence.
For all larval bioassays, the test subjects consisted of third-instar individuals. The adult
bioassays consisted of non-blood fed, three-to-five-day old females that were anesthetized
on ice prior to application of topical treatments and transfer to testing cages.

2.2 Chemicals
Acetone,

TWEEN

80,

eucalyptol,

D-limonene,

o-cymene,

benserazide,

chymotrypsin, L-3-(3,4-dihydroxyphenyl) alanine, and Triton X-100 were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO). Cajeput oil (M. cajuputi) was obtained from
Edens Garden (San Clemente, CA,). All treatments including cajeput oil, D-limonene,
eucalyptol, o-cymene, and benserazide were diluted in a 0.1% TWEEN 80 and ddH2O
solution (w/v) to obtain the desired test concentrations.

2.3 GC-MS of essential oil samples
As described in previous chapters, the volatile organic compounds (VOCs) in the
cajeput oil sample were analyzed using an Agilent 7890B gas chromatograph coupled to
an Agilent 5977A mass spectrometer (GC-MS). The essential oil samples were diluted
500-fold in hexane. The VOCs were chromatographically separated by a 5% phenyl 95%
dimethylarylene siloxane Agilent HP-5MS capillary column (30 m  0.25 mm I.D.). The
GC oven temperature was initially set at 45C for three min, then raised to 250C at
15C/min, and finally held for 10 min. The split ratio of 2:1 and a constant carrier gas flow
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(He, 1.2 mL/min) were used. The injector and transfer line between the GC and MS were
held at 230C and 150C, respectively. The data was analyzed using MassHunter (Agilent
version B.07.00). The retention times (RT) of alkane solutions containing C8 – C20, spiked
in the samples, were used to calculate retention indices (RI) for all the VOCs. Putative
identification of the VOCs was based on comparison of their RI values and mass spectra
with the National Institute for Standard and Technology (NIST) mass spectral library.

2.4 Ovicidal activity and tracking development
A minimum of six replications of 10 gravid female Ae. aegypti (5-7 days old) were
tested for all treatments. Female mosquitoes were fed on calf blood (as described in the
rearing protocol above) and allowed to sit undisturbed for 24 hours before being transferred
to oviposition chambers. Oviposition sources consisted of 200 mL of one of the following
treatments: cajeput oil, eucalyptol, D-limonene, and o-cymene. Seed germination papers
were used as an oviposition substrate. Concentrations were determined based on the LC50
results of that compound in the larval toxicity assays (Figure 2.2). The control treatments
used were water and 0.1% TWEEN 80. Seed germination paper was shaped into a cone
and a portion as submerged in the treatment solution contained in a 200 mL beaker. Paper
and treatment solutions were replaced daily over the course of the experiment. Eggs
collected from oviposition assays were immediately washed and submerged in 1 L of
ddH2O for rearing. Mosquito larvae were reared following the protocol described above.
Larvae were counted as they reached 3rd instar stage. Pupae were counted as they were
collected and separated from larvae. Adults were counted as they successfully emerged
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from their pupae. Adults that failed to usefully emerge from pupae casings were not
considered into the final adult count. Experiments were repeated three times.

2.5 Egg pigmentation and size
A minimum of six replications of 10 gravid female Ae. aegypti (5-7 days old) were
tested for all treatments. Female mosquitoes were fed on calf blood (as described in the
rearing protocol above) and were allowed to sit undisturbed for 72 hours before being
transferred to treatment petri dishes. Petri dishes contained a filter paper that was treated
with 1 mL of one of the following treatments: cajeput oil, eucalyptol, D-limonene, and ocymene. Treatments were tested at a single concentration, determined from LC50 of that
compound from larval toxicity assays (Figure 2.2). The positive control treatments used
were water and 0.1% TWEEN 80, while the negative control treatment was benserazide at
500 µM. Petri dishes containing gravid females were then placed in a dark incubator to
stimulate oviposition. Mosquitoes were left undisturbed for 15 minutes before they were
removed. Petri dishes containing eggs still attached to treated filter papers were sealed with
parafilm and allowed to incubate for 24 hours before being photographed. Egg
pigmentation and size was determined using the software ImageJ (Bethesda, MD).
Pigmentation was determined based on an 8-bit gray scale. Egg length was determined
using the software’s measuring tool. Experiments were repeated three times.

2.6 Phenoloxidase assay
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Assessment of cajeput VOC effects on phenoloxidase in Rock and PR mosquitoes
was determined by collecting treated mosquitoes from bioassays. Larvae were treated with
the LC50 value of each cajeput oil VOC and collected four hours post-treatment. Living
mosquitoes from bioassays were collected in groups of 10 individuals per 1.5 mL
microcentrifuge tube, and flash frozen in liquid nitrogen. A minimum of eight replicated
were used for each treatment per experiment. Experiments were repeated three times. For
phenoloxidase assays, samples were weighed, and then 1 mL of extraction buffer (40 mL
of 0.1 M sodium phosphate buffer (pH of 7.8) containing 200 µL of 5 M NaCl and 0.3%
Triton X-100) was added to each microcentrifuge tube containing larvae samples. Samples
were then processed with a tissue homogenizer. Samples were centrifuged at 3200 rpm for
10 minutes at -4C. Approximately 700 µL of supernatant was collected from each sample
and stored in a new microcentrifuge tube. The following reagents were prepared after insect
homogenization: 0.5 mg/mL of chymotrypsin by adding 0.01 g of chymotrypsin to 20 mL
of reaction buffer (40 mL 0.1 M sodium phosphate buffer (pH of 7.8) containing 200 µL
of 5 M NaCl), and 10 mM of L-3-(3,4-dihydroxyphenyl) alanine (L-dopa) in 10 mL of
reaction buffer (40 mL 0.1 M sodium phosphate buffer (pH of 7.8) containing 200 µL of 5
M NaCl). Samples (20 µL) were added to a clear Costar 96-well plate. Blank wells received
20 µL of reaction buffer. Each sample aliquot in the 96-well plate received 135 µL of
diH2O, 20 µL of reaction buffer, and 5 µL of chymotrypsin (0.5 mg/mL). The plate was
then covered and allowed to incubate at 37C for five minutes. After incubation, 20 µL of
the L-dopa solution was added to the sample wells and mixed slowly by pipetting.
Phenoloxidase activity was measured at 490 nm at 25C (kinetic read). Total protein in
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each sample preparation was determined using the bicinchoninic acid assay with bovine
serum albumin as a standard as described in Smith et al. (1985). Protein measurements
were performed at 560 nm. Measurements were conducted using a SpectraMax i3x
multimode microplate reader (Molecular Devices, Inc., Sunnyvale, CA).

2.7 Statistical analysis
All calculations and statistical analyses were carried out using GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, CA). For all assays, differences in mean values either
based on mosquito strain and/or treatment were statistically compared using a two-way
ANOVA followed by Dunnett's multiple comparison test (Zar 2007). All statistical tests
were carried out at a significance level (α) of 0.05. Ovicidal activity and development rates
were based on percent reduction of individuals between life stages. Percent reduction was
determined using the formula:
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

1

(𝐴 − 𝐵) ⨉ 100
𝐴

Where A is the average number of mosquitoes in the previous life stage, and B is the
individual replicate of mosquitoes in the current life stage.

3. Results
3.1 GC-MS of essential oil samples
Table 2.1 shows a total of 11 compounds representing 100% cajeput oil. The major
constituents of cajeput oil were eucalyptol, D-limonene, and o-cymene at 44.86%, 22.03%,
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and 14.51% respectively. These three constituents make up approximately 82.4% of
cajeput oil. The remainder 17.6% of cajeput oil is distributed among eight other
compounds, with g-terpinene composing 8.71% and cyclofenchene composing 4.85%. The
approximate 4.04% of cajeput oil remaining is divided among six other compounds: aterpineol, a-phellandrene, 3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R)-, bpinene, b-myrcene, and (+)-4-Carene.

3.2 Ovicidal activity and tracking development
Results for the ovicidal and development assay are found in Table 4.1. Rock eggs
oviposited in cajeput VOC treated oviposition sites had comparable development trends
versus eggs oviposited in untreated sites. Comparisons in percent reduction of the
population at a given stage of development between treatments were determined. The
following lists the results as mean percent reduction with their respective confidence
intervals (95%) of the specified treatment for Rock egg-larva development (ovicidal
activity): control 7.62% (-11.41 – 26.64), cajeput oil 23.71% (12.43 – 34.99), eucalyptol
7.41% (-8.34 – 23.16), D-limonene 23.29% (6.56 – 40.01), and o-cymene 20.68% (12.64
– 28.73). The following lists the results as mean percent reduction with their respective
confidence intervals (95%) of the specified treatment for Rock larvae-pupa development:
control 1.03% (-20.21 – 22.28), cajeput oil 29.8% (15.28 – 44.32), eucalyptol 6.45% (-9.89
– 22.79), D-limonene 4.26% (-16.32 – 24.83), and o-cymene 2.6% (-7.7 4– 12.94). The
following lists the results as mean percent reduction with their respective confidence
intervals (95%) of the specified treatment for Rock pupa-adult development: control 5.93%
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(-11.93 – 23.80), cajeput oil 7.49% (-8.25 – 23.24), eucalyptol 6.22% (-11.00 – 23.43), Dlimonene 3.11% (-17.24 – 23.47), and o-cymene 3.34% (-7.36 – 14.03). Based on no
overlapping confidence intervals (95%) there was no significant difference in development
success rates for Rock eggs oviposited on cajeput oil VOCs compared to eggs laid in
control treatments.
The following lists the results as mean percent reduction with their respective
confidence intervals (95%) of the specified treatment for PR egg-larva development
(ovicidal activity): control 3.93% (-8.74 – 16.60), cajeput oil 30.22% (21.70 – 38.74),
eucalyptol 29.36% (23.70 – 35.03), D-limonene 40.35% (32.70 – 47.99), and o-cymene
52.74% (42.90 – 62.60). The following lists the results as mean percent reduction with their
respective confidence intervals (95%) of the specified treatment for PR larvae-pupa
development: control 0.86% (-11.99 – 13.71), cajeput oil 4.52% (-8.27 – 17.31), eucalyptol
3.98% (-4.25 – 12.2), D-limonene 4.65% (-8.26 – 17.55), and o-cymene 2.21% (-17.65 –
22.07). The following lists the results as mean percent reduction with their respective
confidence intervals (95%) of the specified treatment for PR pupa-adult development:
control 7.62% (-5.27 – 20.51), cajeput oil 5.09% (-9.64 – 19.82), eucalyptol 4.14% (-3.69
– 11.97), D-limonene 6.31% (-6.43 – 19.05), and o-cymene 4.99% (-13.03 – 23.02). Based
on overlapping confidence intervals (95%) there was significant difference in larval
development rate in PR eggs oviposited on cajeput oil VOCs compared to eggs laid in
control treatments. Based on no overlapping confidence intervals (95%) there was no
significant difference in development rate in pupae and adults in PR eggs oviposited on
cajeput oil VOCs compared to eggs laid in control treatments.
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3.3 Egg pigmentation and size
Results of egg pigmentation and size experiments are shown in Figure 4.1.
Benserazide treatments significantly increased the size (P = <0.000) of eggs laid by Rock
females compared to control treatments. Benserazide treatments significantly reduced
pigmentation (P = <0.0001) and increased size (P = <0.0001) of eggs laid by PR females
compared to control treatments. Cajeput oil did not significantly affect pigmentation or size
in either strain. Eucalyptol treatments resulting in larger PR eggs compared to the untreated
eggs (P = 0.0087), while D-limonene resulted in significantly lighter PR eggs (P = 0.0222).
O-cymene treatments resulted in significantly larger Rock eggs (P = 0.0177), while no
effect was observed in PR eggs.

3.4 Phenoloxidase activity
Phenoloxidase assay results are found in Figure 4.2. Treatments of eucalyptol (P
= <0.0001) and D-limonene (P = 0.0014) were significant in decreasing phenoloxidase
activity in Rock larvae compared to untreated larvae. No other treatments significantly
affected phenoloxidase activity in Rock. Cajeput oil VOCs had no significant effect on
phenoloxidase activity in PR larvae.

4. Discussion
Mosquito-borne diseases poses a significant threat to public health on a global
scale. Chemical control interventions are now being threatened by widespread insecticide
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resistance (Scates et al. 2020). The goal of this study was to evaluate the ovicidal activity
and long-term effects of cajeput oil phytochemistries to Ae. aegypti. Additionally, this
study aimed to identify possible modes of action by which these chemicals reduce mosquito
population numbers.
In response to insecticide resistance pressures and negative off-target effects
produced from continual use of synthetic insecticides, plant-derived compounds have
proven to be competitive alternatives (Sukumar et al. 1991). Among the characteristics
useful for insect management, these VOCs have other beneficial qualities that set them
apart from synthetic insecticides. Such compounds are well studied for their uses as
medicinal treatments, fragrances, and human hygiene products. Concerning toxicity, many
essential oils have displayed effective insecticidal activity while having low mammalian
toxicity. These plant essential oils, and their constituents, are often highly volatile and
produce pleasant aromas that have been found to provide repellent effects to a variety of
insect species (Amer and Mehlhorn 2006). In a study by Davis and Bowen (1994), plant
volatiles were examined as oviposition attractants and deterrents and were found to heavily
influence olfactory responses for each. While synthetic insecticides, repellents, and
deterrents may only have one mode of action, essential oils can display multiple modes of
action via their many constituents. Additionally, many synthetic compounds are used for a
single purpose, while essential oils often contain many properties useful for targeting
multiple life stages and purposes, i.e., a single essential oil product may act concurrently
as oviposition deterrents, feeding deterrent, larvicide, oviposition attractant and larvicide
(Bassolé et al 2003, Davis and Bowen 1994, Prajapati et al. 2005).
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It is important for future research to consider many of these VOCs for their effects on
oviposition behavior as well as ovicidal activity. There is compelling evidence that VOCs
display larvicidal activity; however, studies have found that eggs are often more susceptible
than larvae (Bassolé et al 2003 Prajapati et al. 2005). This knowledge suggests that efforts
for identifying new chemistries or targets to manage mosquitoes should not be limited to
larvicidal or adulticidal activity.
As discussed in Chapter 2, this research successfully identified the major
constituents of M. cajuputi. These VOCs include eucalyptol, D-limonene, and o-cymene
at 45, 22, and 15%, respectively.
In this study we investigated M. cajuputi as an ovicide, as well as the long-term
effects from VOC exposure to developing Ae. aegypti. This study compared two strains of
Ae. aegypti including a pyrethroid-resistant PR strain and the pyrethroid-susceptible Rock.
This provided additional insights on how plant-derived compounds can be beneficial for
providing multiple avenues of management against mosquitoes and reduce insecticide
resistance selections pressures. This study demonstrates cajeput oil VOCs, including
eucalyptol, D-limonene, and o-cymene, to have different degrees of ovicidal activity on the
two strains of Ae. aegypti. Previous works on M. cajuputi did not identify ovicidal activity
nor long term effects of eggs oviposited in cajeput oil VOC-treated sources.
This study found that cajeput oil VOCs had little ovicidal activity on the Rock
strain. However, these VOCs had significant ovicidal activity on PR mosquitoes. In PR
assays, we found o-cymene and D-limonene to have the highest ovicidal activity, with ocymene reducing about 50% and D-limonene about 40% of the mosquito population.
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Cajeput and eucalyptol were found to have lower activity against PR mosquitoes, with
approximately a 30% reduction to the mosquito population.
Further evaluation of Ae. aegypti eggs showed that cajeput VOCs, including
eucalyptol, D-limonene, and o-cymene, affected egg size and pigmentation. Ae. aegypti
eggs are approximately 110 nm in length, and they slowly elongate to approximately 130
nm over 24 hours. The eggs are initially white but turn dark through melanization of the
endochorion. On an 8-bit gray scale, eggs have an initial reading of ~90, and after 24 hours
darken to ~30. Benserazide significantly reduced pigmentation in PR mosquitoes, but it
had no significant effect on Rock. Benserazide has been shown to delay melanization and
pigmentation in Anopheles eggs via DOPA decarboxylase inhibition (Monnerat et al. 1999
and Boomsma et al. 1989). Dopa decarboxylase is an important enzyme in melanization
and sclerotization (Monnerat et al. 1999). We expected benserazide to have a greater effect
on egg pigmentation in Rock; however, Rock eggs exposed to benserazide were
significantly greater in size than untreated eggs. This may be due to a lack of sclerotization
and permeability, characteristics observed in previous studies (Monnerat et al. 1999).
Alternatively, PR eggs treated with benserazide were significantly smaller than untreated
eggs. PR seemed to have a trend of egg pigmentation and size, where darker eggs were
larger and lighter eggs were smaller. This trend was unique to PR mosquitoes, and the
opposite effect was observed in Rock - darker eggs were smaller and lighter eggs were
larger. Significant effects may have been observed across different treatments and strains
if observation were made earlier in development, whereas our observations were made after
24 hours.
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Our final evaluation sought to identify a possible mode of action of these VOCs
explaining significant changes in melanization. Melanization is an important physiological
reaction in mosquitoes, as it is involved in wound healing, egg chorion tanning, cuticular
sclerotization and immune responses (Zhao et al., 1995 and Christensen et al., 2005).
Phenoloxidase enzymes are closely associated with immune system health in insects and
plays important role in both melanization and sclerotization in insects (Marmaras et al.
1996). The biosynthesis of melanin involves a series of complex processes, involving
multiple enzymes, substrates, and branch points (Huang et al. 2005). In mosquitoes, the
biosynthesis of melanin is initiated by the hydroxylation of tyrosine to DOPA. DOPA may
be oxidized to dopaquinone by phenoloxidase. Further oxidation of dopaquinone by
phenoloxidase produces dopachrome. Dopachrome is then structurally rearranged by
dopachrome conversion enzyme (DCE) and decarboxylated to 5,6-dihydroxyindole (DI)
(Ashida & Brey, 1995 and Nappi & Christensen, 2005).
We hypothesized a mechanism by which cajeput VOCs are affecting pigmentation
and development of Ae. aegypti could be through mediation of phenoloxidase activity.
While there are few studies investigate essential oil effects on phenoloxidase activity, a
study by Oftadeh et al. (2021) provides compelling evidence of essential oils from
mulberry flowers to reduce phenoloxidase activity in mulberry moth larvae (Oftadeh et al.
2021). Our results suggest that these VOCs are likely affecting phenoloxidase activity in
mosquito larvae. While not significant, cajeput oil decreases phenoloxidase activity in
Rock larvae. Both eucalyptol and D-limonene significantly reduced phentolamine activity
in Rock larvae. This is a possible explanation for the development abnormalities observed
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in bioassays, as previous studies have identified the importance of melanization and
sclerotization in Aedes eggs. A study by Wu et al. (2013) determined melanization and
sclerotization to be linked to Aedes albopictus egg desiccation resistance. Interference with
this process can prevent eggs from darkening and can increase the flexibility of the
eggshells (Wu et al. 2013). In our study we observed changes in both pigmentation and
size. The increase in size could be another effect of cajeput VOCs affecting melanization
processes, and thereby reducing sclerotization of eggs, allowing them to expand or stretch.
We observed the greatest ovicide activity in PR mosquitoes compared to Rock.
However, results of phenoloxidase assays displayed no significant results for PR, whereas
the VOCs significantly affected Rock phenoloxidase activity. Additionally, o-cymene
treatments had the highest ovicidal activity in PR, while egg characterization data showed
no differences in pigmentation or size and no effect on phenoloxidase activity. This may
suggest o-cymene does not elicit ovicidal activity via phenoloxidase mediation. The data
suggests that eucalyptol and D-limonene are reducing PR mosquito fitness through
phenoloxidase activity.
In conclusion, this study identified an important method for managing pyrethroidresistant mosquitoes. PR mosquitoes appeared to be significantly more susceptible to
ovicidal treatments compared to pyrethroid-susceptible mosquitoes. This study provides
evidence for using alternative mosquito management strategies, such as oviposition agents
against pyrethroid-resistant mosquitoes. It also provides increasing evidence for plantderived essential oils as effective tools for insect and insecticide-resistance management.
However, this study was unable to determine the cause for decreased development in PR
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mosquitoes exposed to cajeput VOCs compared to Rock. We hypothesized that VOC
treatments would decrease egg viability in similar proportions to those observed in larval
toxicity studies. Alternatively, PR showed a greater degree of susceptibility to VOCs
compared to Rock. This may be a result of multiple factors, including methodology and
strain differences. We approached this study with the perspective of the mosquito eggs as
the treatment subjects. It may be that the adult females were affected by the VOCs in
oviposition assays, leading to reduced egg viability. How these VOCs effect the adult
females is a subject for future research.
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Table 4.1 Development of pyrethroid-susceptible Rockefeller (Rock) and pyrethroidresistant Puerto Rico (PR) Aedes aegypti after exposure to cajeput oil volatile organic
compounds (VOC) during oviposition.
Decrease in Development (%)
Egg to Larval
Larval to Pupal
Pupal to Adult
95% CI
95% CI
95% CI

VOC

N

Control Rock

6

7.41
-11.41 - 26.64

1.03
-20.21 - 22.28

5.93
-11.93 - 23.80

Control PR

6

3.93
-8.74 - 16.60

0.86
-11.99 - 13.71

7.62
-5.27 - 20.51

Cajeput Oil Rock

6

23.71
12.43 - 34.99

29.80
15.28 - 44.32

7.49
-8.25 - 23.24

Cajeput Oil PR

6

30.22
21.70 - 38.74

4.52
-8.27 - 17.31

5.09
-9.64 - 19.82

Eucalyptol Rock

6

7.41
-8.34 - 23.16

6.45
-9.89 - 22.79

6.22
-11.00 - 23.43

Eucalyptol PR

6

29.36
23.70 - 35.03

3.98
-4.25 - 12.20

4.14
-3.69 - 11.97

D-Limonene Rock

6

23.29
6.56 - 40.01

4.26
-16.32 - 24.83

3.11
-17.24 - 23.47

D-Limonene PR

6

40.35
32.70 - 47.99

4.65
-8.26 - 17.55

6.31
-6.43 - 19.05

O-Cymene Rock

6

20.68
12.64 - 28.73

2.60
-7.74 - 12.94

3.34
-7.36 - 14.03

O-Cymene PR

6

52.74
42.90 - 62.60

2.21
-17.65 - 22.07

4.99
-13.03 - 23.02

The development data are reported as the mean percent decrease in development after
exposure to cajeput VOCs during early development and their 95% confidence intervals
(95% CI). The concentrations for the volatile chemistries are as follows: cajeput oil at 161
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µg/mL, eucalyptol at 149 µg/mL, D-limonene at 77 µg/mL, o-cymene at 379 µg/mL, for
Rock and cajeput oil at 364 µg/mL, eucalyptol at 154 µg/mL, D-limonene at 132 µg/mL,
o-cymene at 758 µg/mL for PR.
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A.

B.

Figure 4.1 Pigmentation and length of cajeput oil VOC treated A. pyrethroid-susceptible
Rockefeller (Rock) and B. -resistant Puerto Rico (PR) Aedes aegypti eggs. The length data
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are reported as the average length in nano meters (nm) of individual eggs exposed to
cajeput VOCs during oviposition and their standard error. The pigmentation data are
reported as the average value based on an 8-bit gray scale (pure black is equal to 0 and pure
white is equal to 255) of individual eggs exposed to cajeput VOCs during oviposition and
their standard error. The concentrations for the cajeput VOC treatments are as follows:
cajeput oil (CAJ) at 161 µg/mL, eucalyptol (EUC) at 149 µg/mL, D-limonene (D-LIM) at
77 µg/mL, o-cymene (O-CYM) at 379 µg/mL, for Rock and cajeput oil (CAJ) at 364
µg/mL, eucalyptol (EUC) at 154 µg/mL, D-limonene (D-LIM) at 132 µg/mL, o-cymene
(O-CYM) at 758 µg/mL for PR. Replicates received 10 gravid females while a minimum
of 12 egg were collected from each replicate (N ≥ 12). Different letters indicate significant
differences between means of treatments within the same time point according to a twoway ANOVA and Dunnett’s multiple comparisons where P < 0.05 indicates significance.
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Figure 4.2 Phenoloxidase activity of pyrethroid-susceptible Rockefeller (Rock) and
pyrethroid-resistant Puerto Rico (PR) Aedes aegypti larvae after exposure to cajeput oil
volatile organic compounds (VOC). Data report the average phenoloxidase activity per
protein content of 10 larvae after exposure to cajeput VOCs during and their standard error
of the mean. The concentrations for the volatile chemistries are as follows: cajeput oil
(CAJ) at 161 µg/mL, eucalyptol (EUC) at 149 µg/mL, D-limonene (D-LIM) at 77 µg/mL,
o-cymene (O-CYM) at 379 µg/mL, for Rock and cajeput oil (CAJ) at 364 µg/mL,
eucalyptol (EUC) at 154 µg/mL, D-limonene (D-LIM) at 132 µg/mL, o-cymene (O-CYM)
at 758 µg/mL for PR. Replicates received 10 larvae (N ≥ 24). Different capital letters
indicate significant differences between mean activity within the same mosquito strain
while lowercase letters indicate significant differences between mean activity within the
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same treatment between mosquito strains according to a two-way ANOVA and Dunnett’s
multiple comparisons where P < 0.05 indicates significance.
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CHAPTER 5 : CONCLUSIONS AND FUTURE DIRECTIONS
Chemical control strategies are among the most effective methods for reducing
mosquito population within a short period of time. They are often referred to as a final
resort because of the potential harm they might cause to off target organisms and
ecosystems. Essential oils potentially offer an alternative environmentally friendly
solution with few off target effects. Essential oils contain a large bank of diverse
compounds that may possess potential currently unknown. Identifying these unknown
potentials can improve current insect management as well as produce a more sustainable
system for insect management. This study examined cajeput oil from Melaleuca cajuputi
as a candidate for its mosquito management.
In the second chapter we found cajeput oil to have 11 different volatile organic
compound (VOC) constituents. The three most concentrated VOCs, eucalyptol, Dlimonene, and o-cymene composed about 81 percent of the entire oil mixture. We
conducted toxicity bioassays to determine insecticidal properties to both larvae and adult
of pyrethroid -susceptible and -resistant strains of Aedes aegypti. We concluded that
cajeput VOCs offer varying degrees of toxicity depending on the compound,
development stage, and strain. The pyrethroid-resistant, Puerto Rico (PR), strain was
observed to have higher levels of tolerance to cajeput VOCs compared to the susceptible
strain, Rockefeller (Rock). This study also provided evidence that these compounds are
targeting octopamine receptors. We concluded that cajeput VOCs have potential to be
effective tools at reducing mosquito populations while potentially limiting negative off
target effects due to the specificity of octopamine to arthropod systems.
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The third chapter investigated cajeput VOCs as potential tools to deter oviposition
and provide personal protection as repellents. We found that cajeput VOCs were effective
at deterring Ae. aegypti oviposition from. Cajeput oil also provided competitive
repellency to that of DEET. This study provides evidence for cajeput VOCs to be acting
on olfactory senses as well as tactile or gustatory senses. Cajeput VOCs can provide
personal protection and oviposition deterrence to manage mosquito populations.
In the fourth chapter of this dissertation, we evaluated the ovicide activity and
development disruption of Ae. aegypti exposed to cajeput VOCs. PR mosquitoes were
found to be more susceptible to cajeput VOCs as ovicides compared to Rock based on
reductions in hatch rate. Furthermore, cajeput VOCs may be affecting phenoloxidase
activity and melanization and sclerotization of eggs. However, this study provided little
evidence to support this. In conclusion, this study identified a potential target and method
for managing pyrethroid-resistant Ae. aegypti.
It is likely that cajeput VOCs affect multiple physiological systems. It is difficult
to conclude a single target site or mode of action for VOCs, as single compounds have
been known to have an array of effects in biological systems. We suggest investigation
into neurophysiological effects can provide additional evidence needed to determine that
cajeput VOCs elicit toxicity via impediment of nerve function. To determine repellency
behavior stimuli caused by cajeput VOCs, additional studies investigating specific
sensory appendages are required. Measuring electronic responses in an EAG system
would help determine if cajeput VOCs elicit repellency via olfactory receptors. It is likely
that cajeput VOCs specifically arrest egg development in pyrethroid-resistant Ae. aegypti
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through additional processes not covered in this study. Investigating the effects cajeput
VOCs have on adult reproduction would provide additional insight to the mechanisms
that reduce PR egg development.

